







The Synthesis of Colloidal Metal Sulfide Nanocrystals 
 A Study of Precursor Reactivity and Kinetics  
 
 








Submitted in partial fulfillment of the  
requirements for the degree  
of Doctor of Philosophy 































Mark P. Hendricks 
All rights reserved 
  
ABSTRACT 
The Synthesis of Colloidal Metal Sulfide Nanocrystals 
Mark P. Hendricks 
 
As nanotechnology becomes ever more pervasive in everyday life, the ability to control 
the bottom-up synthesis of nanomaterials is of great technological interest. In particular, colloidal 
semiconducting nanocrystals, or quantum dots, are beginning to find applications in biological 
imaging, solar cells, and as down-converters for LED-driven light bulbs and displays. Herein we 
report various experimental endeavors that explore the role of the precursors used to make these 
nanocrystals, with a special interest in the kinetics of their reactivity. In doing so, we highlight 
the influence that precursor conversion rate has on the size of nanocrystals, which is essential to 
optimizing their performance in optoelectronic devices, catalysis, and imaging applications.  
After surveying the history, applications, and theoretical models describing the synthesis 
of semiconductor nanocrystals, we focus on phosphine-based precursors. We describe the 
synthesis of cadmium bis(diphenyldithiophosphinate) (Cd(S2PPh2)2) from secondary phosphine 
sulfides and its conversion to cadmium sulfide nanocrystals. Heating Cd(S2PPh2)2 and cadmium 
tetradecanoate to 240 °C results in complete conversion of Cd(S2PPh2)2 to cadmium sulfide 
nanocrystals with tetradecanoate surface termination. The nanocrystals have a narrow size 
distribution that is evident from the line width of the lowest energy absorption feature 
and display bright photoluminescence. Monitoring the reaction with 31P NMR, UV-Visible, and 
infrared absorption spectroscopies shows that the production of cadmium diphenylphosphinate 
(Cd(O2PPh2)2) and tetradecanoic anhydride co-products is coupled with the formation of 
cadmium sulfide. From these measurements we propose a balanced chemical equation for the 
conversion reaction and use it to optimize a synthesis that affords CdS nanocrystals in 
  
quantitative yield. Interestingly, the final diameter is insensitive to the reaction conditions, 
including the total concentration of precursors, which we attribute to a first-order rate of 
precursor conversion.  
Using CdS nanocrystals synthesized from Cd(S2PPh2)2 as a model system, we 
demonstrate that metal carboxylate complexes (L− Cd(O2CR)2, R = oleyl, tetradecyl) are readily 
displaced from carboxylate-terminated nanocrystals. Removal of up to 90% of surface-bound 
Cd(O2CR)2 from the CdS nanocrystals is possible with N,N,N’,N’-tetramethylethylenediamine 
(TMEDA), decreasing the photoluminescence quantum yield (PLQY) from 20% to <1% and 
broadening the 1Se-2S3/2h  absorption feature. These changes are partially reversed upon 
rebinding of M(O2CR)2 at room temperature (∼60%) and fully reversed at elevated temperature. 
A model is proposed in which electron-accepting M(O2CR)2 complexes (Z-type ligands) 
reversibly bind to nanocrystals, leading to a range of stoichiometries for a given core size. The 
results demonstrate that nanocrystals lack a single chemical formula, and are instead dynamic 
structures with concentration-dependent compositions. 
Following the precursor reactivity and rate study undertaken on Cd(S2PPh2)2, we 
establish a novel method of controlling the number and size of nanocrystals produced from a 
reaction through the use of a precursor library. We report a library of thioureas whose 
substitution pattern tunes their conversion reactivity over more than five orders of magnitude and 
demonstrate that faster thiourea conversion kinetics increases the extent of crystal nucleation. 
Tunable kinetics thereby allows the nanocrystal concentration to be adjusted and a desired 
crystal size to be prepared at full conversion. Controlled precursor reactivity and quantitative 
conversion improve the batch-to-batch consistency of the final nanocrystal size at industrially 
relevant reaction scales and open up new synthetic routes towards commercially-relevant 
  
core/shell heterostuctures. The ability to tune reaction rate independent of the reaction conditions 
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 Preface 
Chemistry is the study of matter: what it is, how to change it, why it behaves the way it 
does. It is also the development of theories to be able to answer these questions for new 
materials. This thesis is the accumulation of an effort to do just this, for a relatively new and 
exciting class of materials: colloidal semiconducting nanocrystals.  
To put this work into perspective, colloidal semiconducting nanocrystals (also called 
quantum dots) were discovered in the 1980s by a team led by Louis Brus. While quantum dots 
are exceedingly interesting materials, the basis of their (obvious) importance is a physical 
phenomenon called quantum confinement, which drew physicists, physical chemists, and 
engineers to the field. Even through the mid-2000s, when Jon started his postdoc with Paul 
Alivisatos, the field was drastically lacking in synthetic chemistry talent. With a keen eye for 
opportunity Jon applied his background in synthetic inorganic chemistry to the challenges of 
semiconducting nanocrystals, publishing a set of high profile and well cited papers covering both 
the synthesis and surface chemistry of nanocrystals during his time with Paul.  
When Jon started at Columbia, he had Nick follow up on his previous work dealing with 
surface chemistry, and had Brandi initiate a project on clusters, which fall neatly at the 
intersection of small molecule and nanocrystal chemistry. When Zak and I started, both of us 
were given the opportunity to learn about electronic transport in semiconductors and build 
devices to test Nick’s surface chemistry: Zak was the braver soul and dived in. I was left to 
establish my own project, which initially started out as a study of the reaction mechanisms that 
led to the clusters that Brandi was synthesizing. However, under Jon’s suggestion I soon turned 
my focus towards Cd(Se2PPh2)2, in order to understand its role in the reactivity of secondary 
phosphine selenides. As described in chapter two, this molecule unfortunately did not cooperate, 
 
  x 
but the sulfur analog did and I took full advantage of it. Not only did I study the chemistry of the 
molecule, but I also developed a new synthesis based on it, which led to my first publication. 
This work inspired a deep interest in the synthesis of nanocrystals for me, particularly in 
the role of precursors and their reactivity. Around this time Jon invited me to help write a review 
on nanocrystal precursors, into which Jon wrote the seemingly innocuous line, “substituted 
thioureas and selenoureas can be prepared, in a general way, by the reaction of amines with 
isothiocyanate…” 
Following my first publication I floundered for awhile, working on a surface chemistry 
project with Nick and Josh (see chapter two) while trying to establish a new project for myself. 
My main efforts were focused on developing a synthesis for nanosheets of PbS, following up on 
a project that had Brandi initiated right before leaving. While struggling to make headway on the 
PbS sheets project, Jon encouraged me to try using a thiourea as a precursor. However, when I 
realized how easy the synthesis of the substituted thioureas was, instead of just making one I 
made a handful of different structures. By this point I was well versed in the theory of 
nanocrystal synthesis, and knew that precursor reactivity could be used to control nanocrystal 
reactions. The eureka moment happened when I had all of the different substituted thioureas 
dissolved in vials with some lead carboxylate, and upon dunking them in a hot oil bath they 
turned black at different rates. I spent the rest of my PhD studying the chemistry that occurred in 
those vials and promoting the use of precursor libraries to control nanocrystal syntheses (see 
chapters three and four). 
Colloidal semiconducting nanocrystals are exceedingly fascinating, but their 
semiconducting properties are only a handle on their size and surface chemistry: the interesting 
part (to me) is the inorganic chemistry involved in their synthesis and structure.  
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Introduction to Nanocrystals and their Synthesis 
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1.1 Background & Applications of Quantum Dots 
1.1.1 Theory of Solids: Metals, Insulators, and Semiconductors 
While metals are not the most common class of solids, they are of special importance 
thanks to their use in technological applications dating from early man through present day. 
Entire periods of human history are named for metals: the Bronze Age and the Iron Age. Metals 
as a category of solids have particular properties: they are usually strong and high melting, as 
well as malleable and ductile. They also generally conduct electricity and heat well. To 
rationalize these properties scientists needed a scheme of non-directional yet strong bonding, and 
one in which electricity and heat could be conducted efficiently through the solid.  
It was Paul Drude, following on J. J. Thomson’s discovery of the electron in 1897,1 who 
provided the first major theory of bonding and conduction in metals in 1900.2-4 He suggested that 
electrons in metals could be treated as gases, using the previously developed kinetic theory of 
gases. The fact that metals are neutral but electrons are charged led to one of the remarkable 
proposals of Drude’s model: that the gas, or “sea,” of delocalized, negatively charged electrons 
bonded together a lattice of positively charged, heavy, stationary ions. This was notable because 
Rutherford and coworkers would not discover the nucleus for another eight years! It is also 
worth noting that the core electrons are localized with the atomic nuclei, thus shielding the 
delocalized valence electrons from the majority of the nuclear charge in most cases.  
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Fig. 1.1.1 Cartoon showing the location of nuclei, core electrons, and conduction 
electrons in Drude’s free electron model. 
 
While Drude’s model provided insight into the properties of metals, it failed to account for all of 
the properties, most notably by predicting the specific heat of metals as  
 !! = !!!!! 1.1.1 
where n is the number of elections and !!  is Boltzmann’s constant, which did not match 
experimental results. Following the development of quantum mechanics and the Pauli exclusion 
principle, in 1927 Sommerfeld revised Drude’s theory by replacing the Maxwell-Botzmann 
distribution with the quantum Fermi-Dirac distribution to model the electronic velocity 
distribution.4 This resolved many of the significant discrepancies that had been discovered in 
Drude’s theory, including reproducing the experimentally observed temperature dependence of 









where !!  is the Fermi Energy. The Drude-Sommerfeld free electron model is not perfect, 
primarily because it ignores electron-electron interactions, but it provides a reasonable theory to 
understand and predict the properties of metals. 
 Another approach to consider the bonding in metals is to expand on the molecular orbital 
(MO) model often used by chemists.  In a molecule with two interacting atoms, two molecular 
orbital energy levels arise from the two MOs (bonding and antibonding). Just like in larger 
molecules, that number of MOs scales with the number of interacting atomic orbitals in a solid. 
Therefore, so long as a solid is ordered such that the atomic orbitals interact, if a macroscopic 
piece of solid is considered, there would be on the order of 1023 molecular orbitals and the 
spacing between each energy level would be so small that it makes more sense to consider the 
energy levels as continuous bands rather than distinct well-spaced levels.  
 
 
Fig. 1.1.2 Cartoon showing the position and number of molecular orbital levels as 
the number of interacting atomic orbitals increases 
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The band arising from the filled MOs is called the valence band, and the band from empty MOs 
is the conduction band. In metals, the highest occupied MO (HOMO) is very close in energy to 
the lowest unoccupied MO (LUMO), such that in the solid form the valence and conduction 
bands are essentially one continuous, partially filled band, which explains the conductivity of 
metals. Electrons are mobile in metals because the electrons in the valance band can be easily 
excited into the empty conduction band, and are then free to travel through the solid.  
 The previous discussion of metals sets up the discussion of their counterpart: insulators. 
Instead of a free gas, or sea, of electrons surrounding the nuclei, all of the electrons are localized 
on a nucleus in an insulator. One class of solids that is often insulating is a network atomic solid, 
such as diamond or silica, in which there exist strong, directional covalent bonds between the 
atoms making up the material. These are generally strong materials, but brittle and 
nonconductive. If one considers the molecular orbital diagram of a network atomic solid, it looks 
much like that of a metal, except that instead of a partially filled band in the ground state, all 
bands are either completely filled or completely empty in the ground state of an insulator. The 
filled valence band and empty conduction band are separated by a gap in energy; the difference 
in energy between the top of the valence band and bottom of the conduction band is called the 
band gap. At T = 0 K, a solid with a band gap will be completely nonconductive, which is why 
these are insulators. Other common classes of solids that are often insulating include molecular 
solids (e.g. S8), ionic solids (e.g. NaCl), and disordered solids (e.g. glasses and ceramics). 
 There exists an intermediate case between metals and insulators, which are termed 
semiconductors. Unlike metals (and semimetals) these materials have a band gap (and are 
therefore technically insulators), but the gap is sufficiently small so that at temperatures above T 
= 0 K there exists enough thermal energy to excite some electrons into the conduction band, 
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thereby allowing conduction to occur. There is no strict cutoff between semiconductors and 
insulators. The fraction of excited electrons approximately scales as !!!! !!!! where Eg is the 
band gap, !!  is Boltzmann’s constant, and T is the absolute temperature, so that at room 
temperature (!!T ≈ 0.025 eV) approximately one in ~1035 of the total number of electrons are 
excited in a material with a 4 eV band gap, whereas one per ~102 electrons are excited in a 
material with a 0.25 eV band gap.4 Experimentally one in 1035 does not lead to observable 
conductivity, and therefore materials with a 4 eV are considered insulators, while one in 102 of 
the electrons being excited does result in a measurable conductivity and thus materials with a 
0.25 eV band gap are classified as semiconductors.4 Most solids that take advantage of 
semiconducting properties have band gaps ranging from tenths of an electronvolt up to 2 eV.4 
 
 
Fig. 1.1.3 Valence (black) and conduction (white) bands and their relative 
positions in metals, semiconductors, and insulators 
 
 In semiconductors, the conductivity drastically increases with increasing temperature 
because the proportion of excited electrons scales with !!! !. This is in stark contrast to metals, 
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where the conductivity, !, scales as ! = !!!! !, and the number of carriers, n, the charge of an 
electron, e, and the mass of the carrier, m, are all independent of temperature, whereas the 
relaxation time, !, traditionally decreases with increasing temperature due to electron-phonon 
scattering.4  
 It is worth pointing out that beyond the energetic considerations of semiconductors, there 
are momentum considerations as well. Many, but not all, semiconductors have a direct band gap, 
meaning that the top of the valence band lines up with the bottom of the conduction band in 
momentum space and therefore the transition is allowed without any change in momentum. 
Every material discussed herein, including PbS, PbSe, CdS, and CdSe, are direct 
semiconductors. Other semiconductors have an indirect band gap, meaning the lowest energy 
transition is not allowed without a change in momentum, and either phonon coupling or more 
energy is required for the transition to occur. Silicon is the most prevalent indirect band gap 
semiconductor, which is most clearly demonstrated in the significantly lower extinction 
coefficient of silicon compared to direct band gap semiconductors. 
 Due to the small energy required to excite an electron into the conduction band of a 
semiconducting, light (ranging from IR to low-energy UV) often has the energy to excite 
electrons and induce conductivity, called photoconductivity.5  Upon excitation, the excited 
electron and remaining hole are attracted to one another through Coulombic forces. This 
electron-hole pair is called an exciton, and can be approximated as an atom with one proton and 
one electron, i.e. Bohr’s hydrogen atom, albeit in a dielectric matrix that will affect the 
properties. In high-dielectric materials, excitons exist over many nuclei at once and are classified 
as Mott-Wannier excitons; low-dielectric materials cause the exciton to be localized on a single 
atom or molecule, which are classified as Frenkel excitons and are common in organics and salts.  
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All discussions in this work are limited to Mott-Wannier excitons due to the large dielectric of 
the semiconductors under consideration.  
 
Fig. 1.1.4 Cartoon ionic lattice of a semiconductor, showing a bound exciton and 
the associated Bohr radius 
 
The binding energy of a Mott-Wannier exciton is the potential energy of attraction 
between the electron and hole, similar to the Bohr atom, but the dielectric screening of the solid 
must be taken into account. The radius of the exciton, or Bohr radius (!!), can be calculated 





where !! is the dielectric of the semiconductor, ℏ is the reduced Planck’s constant, ! is the 
charge of an electron, and ! is the mass of the carrier. The Bohr radius and masses of the 





Material !! (nm) me* (m0) mh* (m0)  ! (!!) 
CdS 2.8 0.2 0.7 9.4 
CdSe 5.24 0.1 0.4 10.6 
PbS 18 0.1 0.1 17.3 
PbSe 24 0.7 0.06 25.0 
  
Table 1.1.1 Values for the Bohr radius (nm), effective masses of the electron and 
hole (relative to free electron mass), and dielectric constant (relative to 
permittivity of free space) for the four semiconducting materials discussed in this 
text.4,6 
 
 As previously mentioned, the number of carriers is key to the conductivity in 
semiconductors. A semiconductor is intrinsic if the number of electrons and holes are equal, 
usually because the excitons are created by thermal- or photo-excitation. Semiconductors, 
including nanocrystalline semiconductors, can also be doped to increase the amount of either 
electrons or holes. For example, doping pure silicon with phosphorus introduces an extra 
electron for every dopant atom, whereas doping silicon with boron results in a missing electron, 
or hole, for every dopant atom. While doping will only be briefly mentioned in this text, it is 
worth considering based on the importance of dopants to the application of semiconductors.  
1.1.2 Size Effects 
 The discussion so far has been limited to bulk semiconductors, but new and interesting 
properties emerge when their size is constrained to the nanoscale. Nanocrystalline 
semiconductors are called quantum dots because they exhibit quantum confinement.7 Among the 
best observable examples of quantum mechanics, the band gap of nanocrystalline 
semiconductors is dependent on the size of the crystal when the crystal radius is on the same 
order as the Bohr radius, just as the energy levels of the “particle in a box” model are dependent 
 11 
on the size of the box in introductory quantum mechanics. Essentially the exciton is being 
physically confined to a smaller volume than it would naturally exist in, thereby increasing the 
band gap. As suggested by table 1.1.1, quantum confinement usually occurs in crystals with 
diameters in the tens of nanometers, which corresponds to crystals containing hundreds up to a 
few thousand atoms. This results in the most important characteristic of quantum dots, 
highlighted in figure 1.1.5: as the size of the nanocrystals is varied the band gap changes, and 
with it the spectrum (and therefore color) of the absorbance and photoluminescence. 
 
Fig. 1.1.5 Cartoon showing an idealized MO diagram of CdS nanocrystals (left) 
and absorbance spectra of various sizes of CdS nanocrystals (right) highlighting 
the changing band gap 
 
Figure 1.1.5 also shows an idealized MO diagram of CdS nanocrystals; one of the characteristics 
of these quantum confined systems is that at higher energies there is a band, but closer to the 
band gap there are discrete energy levels. This is apparent in the absorbance spectra shown on 
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the right, where the large, sharp peak at low energy corresponds to the 1Sh-1Se transition, and the 
other peaks in the spectra correspond to higher energy transitions between discrete states. The 
absorbance increases dramatically as the energy increases due to the increasing density of states 
near the band-like portion of the MO diagram. 
Not only does the position of the lowest energy electronic transition correspond to the 
size of the nanocrystals, but its width can also be used as a measure of the homogeneity of the 
sample. As one might expect, nanocrystals come in various shapes and sizes, and no reaction 
produces a perfectly homogenous sample (except under special circumstances, such as cluster 
syntheses). Instead, there is an average size with some distribution of sizes. Each individual 
nanocrystal has an absorbance and fluorescence spectrum related to its size, and when observed 
in an ensemble of crystals with slightly different sizes a peak will emerge in which the peak 
width is a measure of how monodisperse the sizes of nanocrystals are. 
These two characteristics highlight the value of developing highly controllable syntheses 
of these materials: to control their photophysical properties, which are fundamental to their use 
in applications, their size must be precisely defined and the distribution of sizes as narrow as 
possible.   
 Significant theoretical work has gone into understanding the details of the size-energy 
relationship in quantum dots since their discovery in the late 1980s. The Brus equation, named 
after Louis Brus, relates the two by summing the bulk band gap, the kinetic energy, and the 
Coulombic potential of the exciton: 
 !!"#$%"& !"!#$%&'(") = !!"#$%"& !"#$ + !!"## + !!"#$"%& 1.1.4 
or 
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where ! is the nanocrystal radius, ℏ is the reduced Planck constant, !! and !! are the effective 
masses of the electron and hole, respectively, ! is the charge of an electron, and ! is the dielectric 
of the semiconductor.8 While this and other work has developed a robust theory relating the 
nanocrystal size with the band gap, the complexities of experimental nanocrystal samples (see 
section 1.1.3) mean that the theory does not always match experiment, especially at smaller 
sizes.9 This has led to the development of empirical relationships between crystal size and band 
gap for most common classes of quantum dots. These relationships are developed by 
synthesizing various samples of quantum dots, measuring their size using transmission electron 
microscopy, and determining the band gap using absorbance spectroscopy. Peng and coworkers 
established the sizing formula for CdS,10 and Hens and coworkers established the sizing formula 
for PbS,11 which have been rewritten and plotted here in a form that solves for the diameter of 
the nanocrystal in nanometers, !!"#$%&"', as a function of the wavelength at the peak of the 

















Fig. 1.1.6 Empirically-derived relationship between the peak maximum of the 
lowest energy electronic transition and nanocrystal diameter for PbS nanocrystals. 
Solid line represents the range with which the relationship was derived; dotted 









 !!"# = −6.6521×10!! !! + 1.9557×10!! !! 
+ −9.2352×10!! ! + 13.29 
1.1.7 
 
Fig. 1.1.7 Empirically-derived relationship between the peak maximum of the 
lowest energy electronic transition and nanocrystal diameter for CdS nanocrystals. 
Solid line represents the range with which the relationship was derived; dotted 
line is the extrapolated curve. 
 
The same papers also determined the extinction coefficient of the nanocrystalline 
materials, which have been rewritten here in the form of the Beer-Lambert law to calculate the 
concentration of semiconducting material from the absorption of a solution of nanocrystals. For 
PbS, the extinction coefficient was determined at 400 nm, which is high enough energy that the 
extinction coefficient is independent of the size of the nanocrystals.11  
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As shown, the concentration of PbS units, !!"#, in mM, is related to the absorbance of the 
sample at 400 nm, !!""!!", in absorbance units, and the path length of the measurement, !, in 
cm.  
For CdS, the extinction coefficient was determined at the wavelength of the lowest 
energy electronic transition peak.10 In this case, the concentration of CdS units, !!"#, in mM, is 
related to the absorbance of the sample at the lowest energy electronic transition peak, !!, in 
absorbance units, the diameter of the nanocrystals, !!"#, as calculated from equation 1.1.7 in nm, 
and the path length of the measurement, !, in cm. 




These are among the most useful equations for a synthetic nanocrystal chemist because 
they enable an easy method to determine the size and concentration of the product nanocrystals 
with a simple UV-Vis absorbance measurement, rather than requiring more time-consuming 
microscopy. (The derivation of the forms of the equations presented here is detailed in the 
Appendix.) 
 
1.1.4 Applications of Quantum Dots  
 Quantum dots are fascinating materials, and the majority of the work since their 
discovery has been fundamental in nature, aiming to understand the underlying physics of a new 
class of materials rather than attempting to develop them for applications. However, the 
properties of semiconducting nanocrystals also make them appealing for a variety of 
applications. In particular, their colloidal synthesis, relative stability, high extinction coefficient, 
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tunable absorbance and photoluminescence spectra, extremely high quantum efficiency (up to 
100%), and incredibly narrow photoluminescence linewidth make them ideal for variety of 
applications involving the absorption or production of color.  
 The first practical use of quantum dots was as a dye for biological imaging.12 The 
stability of quantum dots was one of the driving factors for this application, as organic dyes are 
prone to photobleaching. The tunable absorbance and photoluminescence spectra also enabled 
the excitation and emission to fall within desired windows based on the biological sample and 
experiment, and the high quantum yield resulted in lower dye concentration requirements and 
reduced laser power for the same signal. Significant work went into adapting the ligands to make 
the crystals soluble and stable in water, and as well as functionalizing the ligands to target 
specific biomolecules for imaging.12,13 However, much of this work was done before much was 
known about the surfaces of nanocrystals, resulting in incomplete and ill-understood ligand 
exchanges. Furthermore, the heavy-metal toxicity of the common materials used for imaging 
(CdS, CdSe) is poorly suited for in vivo experiments. Nonetheless, functionalized quantum dots 
are commercially available for biological imaging, although at a steep price and only for a niche 
market. 
 The other commercially viable application for quantum dots to date is their use as down-
converters for adjusting the color of light emitting diodes (LEDs). In short, quantum dots absorb 
light from a blue LED and re-emit it at a lower energy wavelength of choice, traditionally either 
as red or green light. This process has been used both to improve the spectrum produced by LED 
light bulbs and LED-driven displays. Due to the near-perfect efficiency of the blue LED, even 
with the energy loss from down-conversion these devices are more efficient than most other 
lighting or display technologies. QD Vision, Inc. originally produced an LED light bulb that 
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produced a warmer white than traditional LED bulbs due to the inclusion of quantum dots. 
Notably, the company was able to bypass much of the regulatory concerns associated with 
including cadmium (in the form of CdSe/CdS nanocrystals) because the reduction in 
environmental cadmium released from burning less coal due to the improved energy efficiency 
(on average in the US energy market) would offset the inclusion of cadmium in the bulb. Both 
QD Vision and Nanosys have also struck deals with large corporations such as Sony and Amazon 
to use quantum dots as down-converters in displays, ranging from handheld tablet devices to full 
televisions.14 While the use of quantum dots as down-converters has become commercially 
viable in the last five years, the market is still tiny and growth has not accelerated. Furthermore, 
concerns related to the use of heavy metals remain, while the properties of more benign 
compounds (such as InP or Si) have not yet matched those of the cadmium or lead 
chalcogenides. 
  The key characteristic that these two applications have in common, unlike the other 
potential uses for quantum dots discussed below, is that no charge ever moves into or out of the 
nanocrystal. Utilizing the crystals solely for their absorbance and photoluminescence properties 
has clearly been demonstrated to be viable; trying to use them in devices requiring transport 
through the nanocrystals is still a work in progress. For example, instead of using quantum dots 
solely as down-converters for an LED, it is possible to build an LED out of quantum dots 
themselves, by passing charges through a film of nanocrystals and allowing them to radiatively 
recombine in the quantum dots. However, the long alkyl ligands traditionally used to keep the 
nanocrystals soluble in organic solvents also act as an insulating layer in solid films, requiring a 
combination of ligand exchanges and annealing to increase the conductivity of the films. Even 
with these treatments, quantum dot LEDs suffer from significant nonradiative recombination of 
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charges at the nanocrystal interfaces. Using CdSe/ZnS core/shell nanocrystals, Bulcovic and 
coworkers recently reported a champion device of 2.7% efficiency, still well below that of 
traditional LED devices.15 
 Instead of producing light, nanocrystals are also being developed to absorb light. The 
easiest of application in this class is as a photodetector, taking advantage of the tunable 
absorbance spectrum of the nanocrystals and their natural photoconductivity as semiconductors. 
For example, PbS and PbSe are being studied as infrared and near-infrared photodetectors. An 
exciting development in this area is the recent demonstration of a prototype microspectrometer 
utilizing nanocrystals of various sizes and materials as photodetectors and a processor to 
translate the differences in photoconductivity of the various nanocrystals to an observed 
spectrum.16  
 Finally, one of the most challenging and potentially rewarding applications for 
nanocrystals is to use them to absorb light in solar cells. The idea of mass-producing large-area, 
cheap solar cells through roll-to-roll printing processes has been a long-sought dream of many 
research groups. This, however, requires efficient charge separation and transfer through the 
nanocrystal film, which remains an unsolved challenge for the field. Quantum dots have been 
applied to a variety of different solar cell architectures, including dye sensitized (Grätzel) solar 
cells, bulk heterojunction polymer solar cells, and the standard Schottky diode cells. The 
optimization of the nanocrystals for each architecture is different, but in each case control over 
the size, size distribution, and surface chemistry are the keys to developing an efficient device. 
Beyond the low cost and scalability of colloidal quantum dots as the absorbing layer for solar 
cells, there is another exciting reason to utilize these materials for light conversion. In standard 
solar cells the efficiency limit is 31% with an ideal band gap near 1.1 eV, as explained by 
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Shockley and Queisser in 1961.17 However, if electrons with energy more than twice the band 
gap were able to produce two excitons rather than wasting half of the photon’s energy, then this 
limit could be exceeded. Multiple exciton generation, as this process is called, was demonstrated 
to occur in PbSe-containing solar cells in 2011 by O. Semonin et al., inspiring renewed 
enthusiasm to develop solar cells using quantum confined systems.18  
 
1.2 History of Nanocrystals 
1.2.1 Metallic Nanocrystals 
 Nanocrystals of some sorts have been produced by man for at least a millennium, dating 
back to the Romans adding noble metal salts to their molten glasses as a way to add color.19 
These early nanotechnologists were unknowingly forming noble metal nanocrystals, which 
produced color due to the plasmons of the nanocrystal, or the collective oscillations of excited 
free electrons. One of the best examples of the use of metal nanocrystals in glass is the Lycurgus 
cup, which contains both gold and silver nanocrystals.20 This cup is remarkable because in 
ambient light it appears green, but when illuminated through the glass the metallic nanocrystals 
interact with the light through plasmons to produce a distinct red color, as shown in figure 1.2.1.  
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Fig. 1.2.1 Photos of the Lycurgus Cup, lit from the front (left) and from behind 
(right) showing the difference in color due to the presence of the metallic 
nanocrystals in the glass. (Image copyright Trustees of the British Museum; used 
with permission.) 
 
The use of gold and silver compounds to produce metallic nanocrystals continued through the 
ages, and eventually chemists began to study the gold and silver colloids. Michael Faraday, the 
famous English chemist, was a leader in these studies in the mid nineteenth century.21 However, 
the study of nanocrystals was hindered by the lack of techniques to study them; most chemical 
techniques probe the picoscale, and biological and physical techniques the microscale, leaving 
nanocrystals and similarly sized materials in the so-called “nano-valley.” It was not until the mid 
to late twentieth century that electron microscopy became powerful enough to observe 




1.2.2 Invention of Quantum Dots 
 Semiconducting nanocrystals, or quantum dots, were first discovered isolated in a glass 
matrix by Russian physicist A. I. Ekimov in 1980.22 Not long thereafter, in 1983, a team led by 
Louis Brus at Bell Labs in New Jersey discovered the first colloidal semiconducting 
nanocrystals.23 The team was studying the redox reactions of organic molecules adsorbed on the 
surface of photoexcited semiconductors using pump-probe transient Raman spectroscopy, and 
had thus turned to nanocrystalline semiconductors to increase the surface area of the 
semiconductor. Calling it an “accidental observation,” Brus noticed the band gap of the small 4 
nm CdS nanocrystals was larger than that of bulk CdS and decreased over the course of days, 
which he was able to attribute to their increasing size.24,25 The growth of the particles was 
presumably due to a slow, spontaneous Ostwald ripening process. This marked the first example 
of controlling a semiconductor’s band gap using the quantum size effect in colloidal 
nanocrystals. Realizing the value of the discovery, Brus went on to model the three-dimensional 
quantum confinement of these small nanocrystals. One of the chief limitations at the time (and in 
some ways, an issue still being addressed by work like this thesis) was the lack of good synthetic 
methods to produce high quality nanocrystals. Brus and postdoctoral researcher Paul Alivisatos 
turned to a “young organometallic chemist” at Bell Labs, Mike Steigerwald, to help rectify the 
situation. This led to a variety of novel methods and precursors for synthesizing semiconducting 
nanocrystals, which in many ways established the field of nanocrystal synthesis. One of the most 
important advances was to use Lewis bases to coordinate the nanocrystals and provide a means 
to both solubilize in, and recover the nanocrystals from, organic solutions. The nanocrystal 
synthesis and characterization efforts at Bell Labs continued with postdoc Moungi Bawendi. 
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1.2.3 Advances in Semiconductor Nanocrystal Synthesis 
 Paul Alivisatos and Moungi Bawendi both went on to establish academic labs at major 
research universities. Bawendi, along with his students Chris Murray and David Norris, made the 
next great advance in nanocrystal synthesis with their seminal 1993 paper.26 This paper marked 
the first demonstration of highly monodisperse samples of quantum dots and control over the 
size of those samples. The reaction that Murray and Bawendi introduced involved injecting both 
the organometallic precursor (dimethyl cadmium) and chalcogen precursor (e.g. tri-n-
octylphosphine selenide) into a high boiling solvent (tri-n-octylphosphone oxide; TOPO) at 
extremely high temperature (300 °C). This results in essentially an explosion of reactivity upon 
injection (the so-called “burst nucleation”), and aliquots can be removed to acquire different 
sized nanocrystals. While this work clearly marked a milestone in the history of nanocrystal 
history, in hindsight no single aspect of the reaction is needed for a successful nanocrystal 
reaction, suggesting that instead the investigators had found one of many possible combinations 
of reaction conditions that balance one another to successfully produce monodisperse 
nanocrystals.  
 One of the least desirable aspects of Bawendi’s reaction is the use of highly toxic, air-
sensitive, and expensive organometallic reagents. In the intervening years many new precursors 
have been developed (see chapter three), but the most important and widespread is the move 
towards using metal salts rather than organometallics.27,28 Metal phosphinates and carboxylates 
are the most common, but even metal halides are utilized today.29  
 Another common modification to the way nanocrystals are synthesized is the ‘heat up’ 
method, the development of which is credited to Taeghwan Hyeon.30,31 Instead of the ‘hot 
injection’ of one or more of the precursors, in the ‘heat-up’ method all of the precursors begin in 
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the reaction vessel and the temperature is increased so they react while the temperature is 
changing. While this method avoids the complications involved with injecting a solution at high 
temperature, it necessitates the need for precise control over the heating rate in order to be 
reproducible, and precludes control over the temperature at which the nanocrystals nucleate.   
1.2.4 Complexities of Colloidal Quantum Dots 
 Colloidal quantum dots can be described neatly and succinctly: colloidal crystals of 
semiconducting material small enough to demonstrate quantum confinement. This description, 
however, drastically oversimplifies many of the complexities of these materials. The foremost of 
these complexities is the surface: what is the structure at the surface and how does it affect the 
properties of the nanocrystal? In bulk semiconductors the surface can be largely ignored because 
the vast majority of the material is part of the bulk and therefore the properties are dominated by 
the bulk. However, in nanocrystals the majority of atoms reside on or near the surface, meaning 
that the surface becomes increasingly important to the properties of the crystal. The surface of 
colloidal quantum dots is an active area of research; there are still many mysteries and we do not 
yet have an exact picture of the surface, but over the last 5-10 years there have also been 
significant advances in the understanding of the surface.  
 Prior to the recent developments in the understanding of nanocrystal surfaces, the general 
belief was that semiconducting nanocrystals were stoichiometric, that is they contained an equal 
number of metal and chalcogenide ions, and the surface was passivized by neutral ligands. These 
neutral, electron-donating ligands are also known as L-type ligands under Malcom Green’s 
covalent bond classification (CBC) system.32,33 Specifically, it was believed that the commonly 
used solvent tri-n-octylphosphine oxide (TOPO) coordinated and passivated the nanocrystal 
surface.26 This idea was further established through 31P nuclear magnetic resonance (NMR) 
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spectroscopy that identified TOPO on the surface of nanocrystals.34-36 Numerous ligand 
exchanges were developed based on the neutral ligand model, which were thought to work by 
introducing the TOPO-capped nanocrystals to a high concentration of another L-type ligand, 
thereby using Le Chatelier’s principle to push the equilibrium towards the new ligand. However, 
these ligand exchanges generally did not result in full ligand exchange, and the photophysical 
changes accompanying the ligand exchanges varied widely. In addition to these observations, 
various studies also showed that nearly all nanocrystal samples are metal rich, and the 
enrichment scales with the surface area of the crystals, suggesting that the excess metal exists on 
the surface. In 2008 both Buhro and Patten published reports showing that rather than TOPO 
passivating the surface of nanocrystals, it is in fact phosphonic acid impurities in the 
commercially-obtained TOPO that serve as the primary ligands for the nanocrystals.37-39 
Together, these findings clearly demonstrated that the old “TOPO model” was incomplete. 
Instead, the vast majority of nanocrystal samples are non-stoichiometic with excess metal ions on 
the surface, which are passivated by anionic X-type ligands, commonly phosphinate (in the case 
of TOPO reactions) or carboxylate (for metal carboxylate based reactions). These results do not, 
however, exclude the interaction of L-type neutral ligands with nanocrystal surfaces, but merely 
highlight the fact that nanocrystals generally have strongly bound X-type ligands in addition to 
any L-type ligands that may be present, which explains the incomplete ligand exchanges 
discussed previously. 
Owen and coworkers took advantage of this new scheme in 2008 by reacting 
phosphinate-terminated CdSe nanocrystals with trimethylsilyl chloride (TMS-Cl), resulting in 
insoluble chloride-terminated crystals and organic co-products.36 In a follow-up study, Anderson 
et al. ran the same reaction in the presence of L-type tri-n-alkylphosphine ligands, which 
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passivated the chloride-terminated nanocrystals well enough to maintain solubility.40 One of the 
most interesting findings from this experiment was the 31P NMR spectrum, which contained four 
peaks rather than the expected two (free and bound tri-n-alkylphosphine). N. Anderson went to 
great lengths to unequivocally identify the remaining two peaks, which were assigned to a 
phosphonium salt pair interacting with the surface of the nanocrystal, and a free small-molecule 
complex of tri-n-alkylphosphine-bound cadmium chloride, which inspires another ligand class 
(see chapter two for further discussion).  
 
Scheme 1.2.1 Classification system for nanocrystal ligands, based on Green’s 
covalent bond classification method 
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Instead of considering the nanocrystals as metal-rich with an overall positive charge that must be 
balanced by anionic ligands, one can consider the nanocrystal as neutral metal chalcogenide 
bound by electron accepting, Z-type metal-carboxylate ligands. These ligands are the same as the 
previously discussed X-type ligands, but the boundary between crystal and ligand determines the 
classification. Based on this discussion, it should be clear that nanocrystal surfaces are both 
important to their properties and a complicated chemical problem, but one that is in the process 
of being solved. 
 
1.3 Theory of Monodisperse Nanocrystal Synthesis 
1.3.1 Competing Models 
 It is unsurprising, given their technological promise, that semiconducting nanocrystals 
have received a significant amount of theoretical attention. However, the vast majority of those 
efforts have been directed towards understanding the characteristics that make the nanocrystals 
so useful, i.e. their photophysical properties, rather than at understanding their synthesis. 
Nonetheless, there have been a handful of attempts to use theoretical models to understand and 
improve nanocrystal syntheses. These can be broadly grouped into three categories, each of 
which has characteristics inspired by a different field of study. The first category is based on 
classical nucleation theory and simplifies the system to a balance between various energy 
potentials, making it the ‘physics approach.’ The second category, the ‘engineering approach,’ is 
based on the mass balance of the soluble semiconductor in solution, but also takes advantage of 
the principles of classical nucleation theory. The final method does not ignore all of the 
underlying chemistry, unlike the previous two, but rather tries to simplify it into a tractable 
problem, resulting in the ‘chemistry approach.’ Each of these three models has advantages and 
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disadvantages, and the modern understanding of how nanocrystal syntheses work is based on 
insights provided by all three. 
1.3.2 Classical Nucleation Theory 
 The classical theory of nucleation is based on the work of Gibbs,41 Volmer,42 and Becker 
and Döring,43 among others, and is focused on the changing free energy of a system undergoing 
precipitation (or condensation). The difference in free energy between the solute in solution and 
a small, solid particle of precipitated solute can be broken down into the sum of the free energies 
due to the interior and surface of the particle. If we assume a spherical particle, then the free 
energy associated with the interior (i.e. the volume excess free energy, or the lattice energy when 
referring to a crystal) is a function of the volume (!!!!!; e.g. cm3) and the change in free energy 
from the transformation of interest (e.g. precipitation) per unit volume (!; e.g. J cm-3), which is 
normally a positive value. The free energy associated with the surface is a function of the surface 
area (4!!!; e.g. cm2) and the surface tension per unit area  (!, e.g. J cm-2), which is normally a 
negative value, and can be thought of as the excess energy of the particle compared to a similarly 
sized piece of the bulk.44 Thus, we have 
 ∆! = ∆!interior + ∆!surface 1.3.1 
 = !!!!!! + 4!!!! 1.3.2 
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Fig. 1.3.1 ∆G, ∆Gsurface, and ∆Ginterior as a function of particle radius. Particles 
larger than the critical radius, r*, are unstable and are likely to dissolve, while 
particles larger than r* are stable and will grow. 
 
Since the two values on the right side of the equation have different signs and different 
dependences on r, we find ∆!(r) has a maximum that can be solved for by taking the derivative 
and setting to zero:  
 !Δ!
!" = 4!!
!! + 8!"# = 0 1.3.3 
This maximum represents the size and energy associated with the critical nucleus; anything 
smaller with higher energy will tend to dissolve, while anything larger with lower energy will 
prefer to grow. We can calculate these values as 
 !∗ = − 2!!  
1.3.4 
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= !!! !∗ ! 
1.3.6 
where ! is free energy change due to precipitation per unit volume, ! is the surface tension per 
unit area , and r* is the critical particle radius.44 Thus far we have shown that once a particle 
reaches a certain size, it becomes energetically favorable to grow and should result in a stable 
particle. However, we have yet to mention where the necessary energy to reach this threshold 
comes from. Classical nucleation theory relies here on statistical mechanics, i.e. the idea that 
even if the system is at a constant temperature, pressure, and energy, there are fluctuations in 
energy around the mean value. These fluctuations are observed as the statistical distribution of 
molecular velocities, which provide the necessary energy to reach the Δ!!"#$  in the 
supersaturated regions. Thanks to this basis in statistical mechanics, we can also provide a 
theoretical framework for the rate of nucleation (J; nuclei formed per time). We express the rate 
in the form of the Arrhenius equation:  
 ! = !!!"# − Δ!!!!
 1.3.7 
where A is the pre-exponential factor, !! is the Boltzmann constant (1.3805 × 10-23 J K-1), and T 
is the temperature in Kelvin.  
 









Unfortunately this equation is not especially enlightening, given the dependence on r (among 
other issues, vide infra). To remedy this, we turn to the Gibbs-Thomson equation, which relates 
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the size of a particle to its solubility. Also known as the Gibbs-Kelvin equation (Thomson is 
better known as Lord Kelvin) or the Ostwald-Freundlich equation (for other scientists involved 
in its development), the equation is often given as:  
 !" !(!)!!
= ln ! = 2!!!!!!"
 
1.3.9 
where !(!) is the solubility of the particle of radius r,  !! is the equilibrium solubility of the 
material, !! is the molar volume of the material, !! is Boltzmann’s constant, and T is the 
absolute temperature.44 S, the supersaturation ratio, is defined as the ratio of solute concentration 
versus the equilibrium concentration. As an aside, this equation can be rearranged as 




which shows the solubility of particles as a function of radius, although this relationship is 
known to break down at small particle sizes.44  
 










which can be inserted into equation 1.3.8, resulting in 
 








This can be simplified to  
 





which shows the rate of nucleation as a function of supersaturation.  
 
Fig. 1.3.3 Nucleation rate (J) as a function of solute concentration, showing the 
functional form of “critical dependence” based on classical nucleation theory. 
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 While this theory is useful as a way to think about the competing energy dynamics of a 
system undergoing nucleation, there are severe drawbacks. The foremost of which is that the 
diameter of stable nuclei computed from this theory is often on the order of a few nanometers, 
which is comparable to the final size of semiconducting nanocrystals, raising doubts about the 
accuracy of this model to describe nucleation of these systems.45 Classical nucleation theory also 
fails to provide insight into the distribution of particle sizes, which is one of the most important 
characteristics of a sample of nanocrystals. There have been attempts to deal with this by 
supplementing the theory with a first-order diffusion-based growth model, which allows for both 
nucleation and growth to be modeled simultaneously.46 Solving the differential equations set-up 
with equation 1.3.1 and a corresponding equation for the rate of growth described by Talapin and 
coworkers46 has become the most common theoretical method to describe nanocrystal syntheses 
and is often able to reproduce experimental results and provide insight into how reaction 
variables affect the reaction.47-51 However, most implementations of this method require an a 
priori assumption about the shape of the size distribution, which dictates the outcome of the 
prediction.45 Furthermore, estimates are often used for many of the variables in the model 
because they are not easily measured; while these estimates are potentially invalid and affect the 
model’s predictions, an even larger concern is that the only confirmation that the model is 
working is by comparing the results to experiment, which generally do not allow individual 
variables to be adjusted and explored.  
1.3.3 Mass-balance Model 
 Another model for nanocrystal synthesis has emerged that deals with many of the issues 
of classical nucleation theory, although suffers from its own drawbacks. This theory is built on 
the idea of nucleation and growth leading to monodisperse particles first proposed in 1950 by 
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LaMer and Dinegar while working at Columbia University.52 They imagined a three-phase 
progression, in which the concentration of solute (also called monomer) is the key characteristic. 
In LaMer’s system solute is slowly but continuously being delivered to the system through the 
decomposition of a precursor, although the reaction between precursors works as well, as shown 
in scheme 1.3.1.52  
 
Scheme 1.3.1 Two steps of nanocrystals reactions: slow precursor conversion to 
solute (left) and fast crystallization of solute into nanocrystals through nucleation 
and growth (right) 
 






Fig. 1.3.4 Cartoon representation showing the concentration of solute as a 
function of time as idealized by LaMer, highlighting the three phases of the 
reaction as described in the text. 
 
Once this concentration is reached, the system enters phase II (nucleation) and it becomes 
energetically favorable for stable nuclei to form and grow. As stated by LaMer, “the rate of 
nucleation…is so exceedingly sensitive to an increase in the concentration of dissolved [solute] 
that the rate becomes effectively infinite. For practical purposes it may be considered a critical 
phenomenon.” This conforms to the idea presented in standard nucleation theory earlier (Fig. 
1.3.3), and is further discussed in chapter 4. The formation of nuclei relieves the supersaturation 
such that nucleation ceases, and the system enters phase III (growth). The time that that system 
spends in phase II defines the polydispersity of the sample assuming no other processes are 
occurring (e.g. Ostwald ripening), because the amount that the first stable nucleus grows before 
the last stable nucleus forms defines the polydispersity and is a function of the time between their 
formation. Therefore the key requirement for a monodisperse sample according to LaMer is that 
the nucleation phase is short, resulting in essentially distinct nucleation and growth. Once in 
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phase III, the concentration of solute is controlled by the balance of production from the solute-
forming reaction and consumption by growth of the crystals.  
 Sugimoto, working for the Fuji Film Photo Company in the 1990s, significantly added to 
LaMer’s model. His insight was to use the mass balance of the solute assuming that the solute 
concentration is fixed through nucleation because supersaturation is critically dependent on 
solute concentration. This means that all solute produced during nucleation must be consumed 
either by nucleation or growth, as shown: 
 !"#$%&'(#) = !"#$%&'()"#!"#$%&'()! + !"#$%&'()"#!"#$%! 1.3.14 
We assume that the growth rate does not change much over the course of nucleation, because it 
occurs so quickly, and therefore treat the average growth rate as a constant. We can then write 
the mass balance of solute during nucleation as 
 !!!! = !!
!"
!" + !! 
1.3.15 
where !! is the supply rate of solute during nucleation (mol sec-1), !! is the molar volume of the 
solid (nm3 mol-1 or cm3 mol-1), !! is the initial particle volume of the stable nuclei (nm3), !"!" is 
the rate of stable nuclei production (sec-1), ! is the average growth rate of stable nuclei during 
nucleation and is treated as a constant (nm3 sec-1), and ! is the number of stable particles. During 
nucleation the rate of nuclei formation, J or !"!", increases rapidly and then decreases rapidly to 
zero. This means that to conserve the mass balance in equation 1.3.15 at the end of nucleation, or 
when !"!" = 0,  
 !!!! = !! 1.3.16 
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which shows that it is actually the increasing number of crystals (!) that causes the increase in 
consumption, which results in the solute concentration dropping below the critical concentration 
and nucleation terminating. We can rewrite equation 1.3.16 as  
 ! = !!! !! 
1.3.17 
to clearly show the inherent relationship between the number of crystals at the end of nucleation 
and the rate of solute formation.  
This equation has profound consequences. First, the number of crystals is dependent only 
on constants associated with the material and the rate of solute formation, and not on the rate of 
nucleation, size of stable nuclei, or duration of the nucleation phase, which is quite surprising. 
This fact was exploited to great effect in chapter 3. It also suggests that if the reaction conditions 
are somehow changed (e.g. temperature, material) and a different proportionality constant 
between ! and !! is observed, this can be directly attributed to a change in the growth rate 
during nucleation (!).  
Sugimoto further developed LaMer’s model to include aspects of classical nucleation 
theory (section 1.3.2) and diffusion-limited growth, which results in a set of equations describing 
nucleation and growth as functions of the various reaction variables.53-57 One of significant 
differences between Sugimoto’s work and those based solely on classical nucleation theory is 
that Sugimoto starts by considering the mass balance of the solute, whereas the classical 
nucleation theory generally ignores the generation and consumption of solute.45,53 To verify his 
theory, Sugimoto designed an ingenious experiment in which he was not only able to control the 
precipitation of AgCl crystals, but also allowed him to monitor the supersaturation concentration 
of the Ag+ solute using electrochemistry.53,54 However, just as in the case of classical nucleation 
theory, both measuring and controlling the reaction variables is a challenge in nanocrystal 
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syntheses, so only equation 1.3.17 has been experimentally verified for colloidal semiconducting 
nanocrystals (see chapter three).49,58  
1.3.4 Chemistry-inspired Models 
The final class of models used to describe the synthesis of nanocrystals is based more 
closely on the expected chemistry and mechanisms that are occurring but require significant 
simplifications due to the complexity of the systems. Prior to discussing these models, it is worth 
considering what actually transpires in one of these reactions, from a chemical perspective.  
As mentioned in the previous section, the first step to occur is the reaction between 
precursors to produce a soluble form of the semiconducting material (solute or monomer). While 
this reaction is likely irreversible due to the stability of the organic byproducts and 
semiconducting material, it may be complicated by a pre-equilibrium step prior to the cleavage. 
Each set of precursors will undergo a unique reaction involving a distinct rate constant and rate 
law. 
Following the precursor conversion to solute, the solute then undergoes nucleation and 
growth as proposed by LaMer, however the process is significantly more complicated than just 
two steps. In reality, the solute undergoes discrete, reversible reactions, each with its own rate 
constant, as shown in scheme 1.3.2.  
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Scheme 1.3.2 Simplified reactions that possibly occur during nanocrystal 
synthesis, shown to demonstrate the complexity of the actual chemistry that 
underlie a nanocrystal synthesis. 
 
 If this series of reactions is not complicated enough, there are a variety of processes that 
potentially occur during nanocrystal syntheses and would need to be accounted for in an ideal 
treatment of the reaction. First, the stabilities of many of the species present in solution are 
dependent on the concentration of solute. Classical nucleation theory relates the stable (or 
critical) nuclei size to the solute concentration, and it follows that the stable structure of the 
solute is also related to the solute concentration. To be clear, almost nothing is known about the 
structure of the reactive solute, and the following statements are purely hypothetical. It seems 
likely, however, that the structure of the solute is variable; for example, at higher solute 
concentration the solute may be more stable as a dimer, so there is a higher concentration of 
dimers to react with one another, whereas at lower solute concentration monomers may be more 
stable and prevalent. It is also worth considering that the solute may interact with other species in 
solution, which could act as ligands to stabilize the solute; therefore, the changing concentrations 
of the precursors and co-products over the course of the reaction would also affect the solubility 
(and potentially reactivity) of the solute through this secondary interaction.  
 
Scheme 1.3.3 Example reactions that can occur during nucleation 
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Complicating the system even more is the fact that beyond solute-nuclei reactions, both unstable 
(pre-nuclei) and stable nuclei can react with one another in an agglomeration process. Although 
nucleus agglomeration (also called fusion, or oriented attachment) is generally not considered 
important to the initial nanocrystal nucleation process, it should not be entirely discounted. It is 
clear that a precise kinetic treatment of the underlying chemical reactions in a nanocrystal 
synthesis is effectively impossible, however a model inspired by this approach is quite 
reasonable. 
 While there are hundreds or thousands of unique reactions occurring during one of these 
syntheses, the vast majority of them are very similar, thus enabling the use of average equations 
to capture the dynamics of multiple processes. Furthermore, many of the reaction variables can 
be assumed constant, and the others can be nondimensionalized to reduce the number of 
parameters. Using these simplifications, Rempel and coworkers developed a chemistry-inspired 
model that uses rate equations to model the precursor conversion to solute, nuclei formation, and 
solute attachment and detachment from nuclei.45 This resulted in a distinct method of modeling 
nanocrystal reactions, which enables another perspective on testing our understanding of how 
variables affect the reaction. By necessity the model also requires significant assumptions that 
are difficult to verify, and therefore falls into the same concern that even if the model effectively 
predicts experimental results, it is possible that the underlying assumptions are incorrect but 
cancelling one another and thereby skewing our understanding of how the system works.  
 One of the benefits of this model is that it will improve as our understanding of the 
underlying chemistry progresses. For example, this model could accommodate a precise rate law 
for the precursor conversion reaction, once one is established. Similarly, as more is learned about 
the structure and reactivity of the solute, this model could be adapted to take it into account. 
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From a theoretical standpoint, the eventual dream is to develop this model into a full set of 
(average) rate equations that capture all of the different chemical processes that occur and would 
thereby be able to predict the concentrations, rates, and nanocrystal properties during a reaction, 
and how these would be affected by reaction conditions. This is no small undertaking and would 
have to be repeated for each set of precursors and materials, which means it would only be 
worthwhile for systems of practical use. 
1.3.5 Other Considerations 
 Hopefully it is clear that nanocrystal synthesis is a remarkably complicated process, but 
one that we have begun to understand by making some simplifying assumptions that enable the 
use of predictive models. However, there are further complications that are not taken account in 
any of these models, and are just beginning to be understood. The first complication is the 
existence of clusters, which are defined as nanocrystals whose inorganic structures are all 
identical (making them large, inorganic molecules with variable ligand environments). It is 
believed the clusters take on these stable structures because they are energetically favorable 
compared to other options on the potential energy landscape. Recently, work from the Owen 
laboratory structurally characterized a family of so-called ‘quantized growth’ clusters that all 
took on a tetrahedral shape.59 This highly symmetric and stable shape across a variety of sizes 
lends credence to the idea that clusters exist due to local thermodynamic minima. It is also 
evident that clusters are sometimes, perhaps often, present in the early stages of nanocrystal 
nucleation (see chapter two). But there are many unanswered questions regarding the clusters 
and their role in nanocrystal syntheses, including why they form, what role the surface and 
ligands play in their formation, and whether their formation affects the nanocrystal reaction. It is 
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safe to say that until clusters are more fully understood, questions about their role in the 
mechanism of nanocrystal formation will remain. 
 A second complication that was fully ignored in the prior discussions is the structure of 
the precursors during the reactions, which is likely due to the difficulty in measuring such 
structures. However, Abécassis and coworkers recently published a report using in situ wide 
angle X-ray scattering to probe the structure of a nanocrystal reaction, and showed that the metal 
precursor (cadmium oleate) transitioned from a lamellar structure into micelles prior to reaction 
with the chalcogenide precursor.60 This micellular structure may influence the nanocrystal 
reaction, and until further studies are undertaken it will remain an open question. Furthermore, 
the structure of the chalcogenide precursor may also affect the nanocrystal reaction. Some 
chalcogenide precursors are expected to be monomeric (like those discussed in chapter three), 
while others are polymeric with a variable molecular weight and structure (as discussed in 
chapter two). The role of the precursor structure may be critically important to the results of 
nanocrystal syntheses, it may be totally insignificant, or its importance may depend on the 
reaction under consideration; until more work is done in this area, the role of precursor structure 
will also remain an open question.  
Finally, it is worth noting that the discussion herein has been limited to spontaneous, 
homogenous nucleation events. This is in contrast to nucleation that is induced by something in 
solution, either a seed crystal in the case of secondary nucleation or some other foreign particle 
in the case of heterogeneous primary nucleation. However, it is possible that these induced 
nucleation events are more prevalent than is currently accepted, which would change the 





 Colloidal semiconducting nanocrystals are a fascinating class of materials. Since their 
discovery thirty years ago the underlying physics that make them so interesting and useful has 
been thoroughly studied, representing one of the most accessible examples of quantum 
mechanics to observe and comprehend. The methods for synthesizing colloidal semiconducting 
nanocrystals have also been developed over the interim thirty years, however there is still much 
to be discovered in this area. This is primarily due to the extreme complexity of these systems, 
involving many chemical species, inter-related reactions, and changing conditions during their 
synthesis. This complexity drove scientists to empirically develop the vast majority of 
nanocrystal syntheses, and although we can now make near-perfect samples of nanocrystals this 
lack of rational control makes it difficult to tune the properties of the samples without further 
trial and error. The three prevalent theoretical models describing the synthesis of nanocrystals 
(summarized above) dealt with this complexity by relying on simplifying assumptions and 
estimates for values that are difficult or impossible to measure. Although these theories can often 
predict the outcomes of nanocrystal reactions, they are far from a complete picture of what 
transpires in one of these syntheses.  
From the three models we begin to understand the importance of the precursors used to 
synthesize the nanocrystals—in particular the rate at which the precursors react with one another 
to form the semiconducting material. Using this as a guiding principle, the next two chapters 
explore the development of new classes of precursors, with the goals of better controlling and 
understanding the nanocrystal synthesis. The last chapter builds on the third, using a precursor 
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library study the precursor conversion rate independent of the reaction conditions for the first 
time, thereby gaining new insight into the processes that occur during a nanocrystal synthesis.  
1.4.2 Layman’s Summary 
Most people are familiar with metals and insulators, with the key difference being how 
well they conduct heat and/or electricity. Somewhere between these two classes of materials lie 
semiconductors, which conduct electricity, but not as freely as metals do. Semiconductors are 
often found in applications related to light because light can provide enough energetic push to 
allow the electrons to move freely. For example, semiconductors are used in solar cells, in which 
sunlight is used to excite the electrons in the semiconductor and thus produce energy, as well as 
in LED light bulbs, which is the reverse process: the electrons are excited through an external 
energy source and allowed to relax in the semiconductor, which produces light.  
In a metal the electrons are free to move throughout the bulk, whereas in an insulator they 
are bound to the nucleus with which they came. Again, semiconductors represent an intermediate 
between the two: the electrons travel within some small region of space, covering many nuclei 
but they do not move freely through the entire material. If, however, the piece of material is 
physically smaller than the space that the electrons naturally travel within, really interesting 
things start to happen. Most importantly, the energy levels of the electrons change, meaning the 
energy (or color) of light that the semiconductor absorbs and emits changes. Thus, simply by 
changing the size of the piece of semiconducting material, the color it absorbs and emits 
changes. In order for this to occur, the pieces of semiconductor have to be tiny, with diameters 
less than 1/1000 the width of human hair; pieces this size have only hundreds or thousands of 
atoms.  
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Producing these tiny crystals (or nanocrystals because they are nanometers in diameter, 
or quantum dots, because quantum mechanics describes the energy change with size), is 
challenging, and their synthesis was only discovered in the 1980s. Generally they are made from 
the bottom up, meaning that we start with individual units that click together to form the crystals, 
but not so much that they grow beyond the right size. The study of how this process works, 
however, has been studied much less than their size/color properties, so there are still many 
questions about how they are produced and how to improve these processes. Even with ill-
understood syntheses, these materials show promise for use in LED light bulbs to create a more 
pleasant light and LED-driven displays to produce greener greens and redder reds, and a variety 
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2.1 Background on Phosphine-based Precursors 
2.1.1 History of Phosphine-based Precursors 
Tertiary phosphine chalcogenides (R3PE) were among the first chalcogenide sources used 
in colloidal nanocrystal syntheses and remain one of the most common precursors.1 Their 
popularity results from their ease of preparation, high solubility, and desirable reactivity in many 
organic solvents.2,3 
2.1.2 Tertiary Phosphine Chalcogenides as Precursors 
Simply combining a tertiary phosphine with elemental sulfur and selenium either in an 
inert solvent or neat leads to its conversion to the desired phosphine chalcogenide;4 although tri-
n-alkylphosphine sulfide and selenides are frequently described as a ‘solution’ of chalcogen in 
phosphine, there is no free elemental chalcogen in the final reaction product. Instead, chemical 
oxidation of the phosphine occurs, either rapidly in the case of R3PS or after several hours in the 
case of R3PSe.5 Oxidation of the phosphine is known to proceed without inversion of the 
phosphorus atom.6 In addition to this direct approach, several other methods have been reported, 
however they are seldom used due to their complexity relative to the direct approach.7-9 Many 
nanocrystal reactions utilize a mixture of the phosphine chalcogenide and its parent phosphine, 
which has been shown to influence the rate of nanocrystal formation.10 
Tertiary phosphine tellurides are often prepared in an analogous fashion, however an 
equilibrium between the phosphine telluride and elemental tellurium is established (within hours) 
that depends on the phosphine substituents (Scheme 2.1.1).4,11,12 This equilibrium makes pure 
trialkyl and triaryl phosphine tellurides unstable. However, tri-n-alkylphosphine tellurides can be 
isolated by selective precipitation, though they slowly eliminate elemental tellurium when stored 
as solids at -78˚C and in solution where tellurium mirrors are sometimes formed.4,13 
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Scheme 2.1.1 Equilibrium between phosphine tellurides, phosphine and elemental 
tellurium. 
 
2.1.3 Structure of Tertiary Phosphine Chalcogenides 
X-ray crystallography, infrared, and NMR studies show that tertiary phosphine 
chalcogenides are quasi-tetrahedral, and that the phosphorus-chalcogen bond length is between 
that of the corresponding single and double bonds.14 Both doubly bonded and singly bonded 
ylide resonance depictions are common, with the singly bonded structure becoming more 
important as one descends the period9 leading to an increasing dipole moment +P–S– < +P–Se– < 
+P–Te–.7,15 As shown in Table 2.1.1, the bond dissociation energy of P=E, as measured by 
calorimetry, decreases as one descends the period (P-S > P-Se > P-Te).5 
 











2.1.4 Reactivity of Tertiary Phosphine Chalcogenides 
Most tertiary phosphine sulfides and selenides are thermally robust,7 whereas the tertiary 
phosphine tellurides are not, some of which decompose to release metallic tellurium well below 
room temperature.4 Exposure to air or gentle warming also causes decomposition.4 This trend in 
stability is also reflected in the rate of chalcogenide exchange between free tertiary phosphine 
and R3PE, exemplified in the kinetics study of the reaction series shown in Table 2.1.2.16 
Chalcogenide exchange between phosphine chalcogenides and their parent phosphines (i.e., self-
exchange) is fast on the NMR timescale for phosphine tellurides.17,18 Due to the relative 
weakness of the P-Se and P-Te bond, R3PSe and R3PTe are often more reactive sources of 






O 250 - > 30,000 
S 120 12 530 
Se 30 22 <2 
 
Table 2.1.2 Data for the equilibrium between Ph3P=E and Ph2MeP. 
 
The donor property of tertiary phosphine chalcogenides to metal centers increases as 
R3PO < R3PS < R3PSe < R3PTe.7 Infrared absorption spectroscopy and single crystal X-ray 
structural data show that tertiary phosphine chalcogenides coordinate Lewis acids through the 
chalcogen atom in either a unidentate fashion or by bridging two metal centers. Binding has also 
been studied with NMR and infrared spectroscopies. In the case of phosphine selenide and 
telluride, their coordination to a metal causes a decrease in the P-E coupling constant and a 
downfield shift in the 31P NMR peak of the phosphine chalcogenide.19 Tertiary phosphine 
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chalcogenide coordination to a metal weakens the P-E bond. For example, when 
triphenylphosphine selenide (Ph3PSe; d(P-Se) = 210.6 pm) coordinates HgCl2 in Ph3PSeHgCl2 
(d(P-Se) = 217 pm) the P-Se bond length extends half way to the P-Se single bond distance (d(P-
Se) = 224-228 pm).7 Coordination promotes P–E cleavage and can lead to a complete bond 
cleavage to form a tertiary phosphine and chalcogenide atom that is incorporated in the metal 
complex.20,21 
2.1.5 P=E Cleavage Mechanisms 
Chalcogens are cleaved from phosphine chalcogenides by two pathways: 1) an acid/base 
mechanism in which the chalcogen transfers as E-2 and 2) a redox mechanism where it transfers 
as E0. Both mechanisms are known to be important in ME nanocrystal synthesis depending on 
the reaction conditions.21,22 
2.1.6 Acid/Base (E2- transfer) Mechanism 
In this mechanism, R3PE undergoes nucleophilic attack, generally by an oxygen 
nucleophile, leading to cleavage of E2- with the production of a phosphine oxide co-product. 
Steckel et al. proposed this mechanism to explain the co-products formed from the reaction of 
TOPSe with lead oleate at 170 °C, which included PbSe, TOPO, and oleic anhydride.22 Liu and 
coworkers reached a similar conclusion in their study of CdSe nanocrystal formation. By 
monitoring the reaction between metal phosphonate or carboxylate complexes and R3PE (M = 
Zn, Cd; R = n-octyl, n-butyl, i-propyl; E = S, Se, Te) using NMR and mass spectrometry they 
concluded that Lewis-acid activation of the phosphine chalcogenide precedes the P-E cleavage 
step, leading to the pre-equilibrium Lewis-acid activation mechanism shown in Scheme 9.19 The 
conversion rate was observed to increase in the order S < Se < Te and was sensitive to the steric 
properties of the phosphine with tri-iso-propylphosphine selenide undergoing much slower 
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reaction than tri-n-butylphosphine selenide. The observed steric influence was later confirmed by 
monitoring the relative conversion rates of mixed aryl- and alkylphosphine selenides 
(Ph2BuP=Se < PhBu2P=Se < Octyl3P=Se).23 A separate study concluded, however, that the P=E 
bond strength, rather than sterics, is a better predictor of reactivity.24  
 
 
Scheme 2.1.2 Chalcogenide release initiated by nucleophilic attack of carboxylate 
on an activated phosphine selenide. 
 
Garcia-Rodriguez et al. demonstrated that nucleophilic attack of carboxylate on 
trimethylphosphine selenide bound to cadmium carboxylate leads to an 
acyloxytrialkylphosphonium intermediate providing additional support for the earlier proposals 
(Scheme 10).25 In their study, the acyloxytrialkylphosphonium ion was trapped in situ by 
reacting with an alcohol. 
 
 
Scheme 2.1.3 Formation and trapping of an acyloxyphosphonium intermediate 




2.1.7 Redox (E0 transfer) Mechanism 
Tri-n-alkylphosphine chalcogenides are well known to oxidize transition and main group 
metals to the corresponding metal chalcogenide. This synthetic approach was developed by 
Steigerwald et al. and used to prepare a wide variety of materials, including clusters, 
nanocrystals and bulk materials.26-28 These studies eventually led to the adoption of phosphine 
selenides in nanocrystal synthesis.  
In nanocrystal syntheses, the production of M0 often occurs by thermal decomposition of 
the starting metal complex or by chemical reduction. Thermal decomposition of CdMe2 to Cd0 
occurs rapidly above 300 ˚C and has been used to synthesize Cd0 nanocrystals that could be 
subsequently converted to CdE nanocrystals upon oxidation with R3PE (E = S, Se, Te) (Scheme 
11).29,30 Thermal decomposition of CdMe2 can occur in parallel to its protonolysis with acidic 
surfactants, leading to syntheses with a net conversion rate that depends sensitively on the 
concentration of acidic surfactants and the injection step.  This parallel path is thus likely to 
cause irreproducibility in syntheses that utilize a rapid injection of CdMe2 at high temperature.23 
 
 
Scheme 2.1.4 Thermal decomposition of CdMe2 and its oxidation by R3PE (E = 
S, Se). 
 
A number of studies have concluded that lead carboxylates undergo reduction to Pb0 en 
route to PbE nanocrystals, particularly in the presence of secondary phosphines. Steckel et al. 
was first to report that diphenylphosphine can reduce lead oleate to Pb0 and diphenylphosphine 
oxide at > 180 °C leading to PbSe nanocrystals (Scheme 12).22 Later Joo et al. utilized 
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diphenylphosphine and 1,2-hexadecanediol to reduce lead oleate to Pb0, which caused a 
significant increase in the yield of PbSe nanocrystals, albeit with a lower quantum yield.31 
 
 
Scheme 2.1.5 Mechanism proposed by Steckel et al. for the synthesis of PbSe. 
 
Evans et al. showed that at lower temperatures (120 °C) carefully purified Et3P=Se, i-
Pr3P=Se, and Ph3P=Se are unreactive toward lead oleate, whereas addition of i-Pr2PH to these 
mixtures rapidly produced PbSe nanocrystals.32 The authors conclude that exchange of 
chalcogen between tertiary and secondary phosphine chalcogenides leads to reaction rates that 
are entirely determined by the concentration of secondary phosphine. Furthermore, they propose 
lead diphenylphosphide intermediates to explain the observed co-products and argue that Pb0 
formation and oxidation is too slow to account for the observed reaction rate. 
Using 31P NMR spectroscopy, Yu et al. found no evidence that TOPSe transferred 
selenium to Ph2PH despite a significant reduction in temperature at which ZnSe was observed to 
nucleate (260 °C vs. 160 °C).33 Thus, they suggested that Ph2PH increases the reactivity of the 
zinc ion rather than the chalcogenide. These authors drew a similar conclusion in their study of 
PbSe formation at low temperature (25-80 °C).34 Furthermore, multiple studies have highlighted 
the presence of secondary phosphine impurities in commercially purchased tertiary 
phosphine,31,32 and that these impurities increase its reactivity.33,34 Similarly, the 
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dioctylphosphine oxide found in commercial TOPO can disproportionate to dioctylphosphine 
and dioctylphosphinic acid, a reaction that increases the rate of precursor conversion.35 
2.1.8 Secondary Phosphine Chalcogenides as Precursors 
Secondary phosphine chalcogenides have also proven useful for nanocrystal 
synthesis.32,33,36,37 Secondary phosphines react with elemental chalcogens to form the phosphine 
chalcogenide (R2HP=E) as well as dichalcogenido phosphinic acids (R2P(E)EH).9 Both forms are 
generally synthesized by stirring a secondary phosphine (R2PH) with a stoichiometric amount of 
elemental chalcogen; over-oxidation to the R2P(E)EH form is a concern when the R2HP=E 
species is desired. Secondary phosphine alkali metal chalcogenides can also be formed from the 
reaction of alkali-metal phosphides (M+R2P–) and the desired chalcogen.9 Secondary phosphine 
chalcogenides bind to metals either through the chalcogen atom, phosphorus atom, or both, 
leading to a wide range of binding motifs.15,20,38 Likewise, chalcogenido phosphinate anions 
(R2P(E)E-) bind metals in a bidentate fashion or by bridging two metal centers leading to dimers 
or polymers.9 
The reaction of Ph2HP=Se with metal carboxylates (M = Pb, Cd, Zn) produces a variety 
of reaction co-products depending on the reaction conditions, including Ph2HP=O, 
tetraphenyldiphosphine (Ph2PPPh2), carboxylic anhydride (RC(O)OC(O)R), and 
diphenylphosphinocarboxylate Ph2POC(O)R (Scheme 2.1.6).32,36,37 At high concentrations of 
Ph2HPSe, a lead diselenodiphenylphosphinate complex (Pb(Se2PPh2)2) was isolated and 
characterized by single crystal X-ray diffraction.32 Cossairt et al. studied the reaction of 
Ph2HP=Se with cadmium benzoates in the presence of primary amines (45-115 °C) and observed 
that Ph2HP=Se rapidly converts to the [Ph2PSe2]–[RNH3]+ and Ph2PH. Reaction with cadmium 
benzoate led to a cadmium dichalcogenidophosphinate intermediate that subsequently converted 
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Scheme 2.1.6 Reaction of secondary phosphine selenide with metal carboxylate. 
 
 
Scheme 2.1.7 Conversion of secondary phosphine selenide to CdSe in the 
presence of primary amines. 
 
2.2 Synthesis and Reactivity of Cd(E2PPh2)2 
2.2.1 Background on Cd(E2PPh2)2 
The reaction between tertiary phosphine chalcogenides and cadmium carboxylate or 
phosphonate complexes has been studied by several groups, leading to the conclusion that 
Lewis-acid activation leads to cleavage of the phosphorus–chalcogen bond.19,22,25 Secondary 
phosphine chalcogenide reactivity is more complex and has been the subject of more recent 
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investigations,33,35 particularly in the synthesis of lead chalcogenides where the tertiary 
phosphine chalcogenide precursors undergo sluggish conversion31,32,34 and in the low-
temperature formation of clusters.32,36 These low-temperature studies report the in situ 
conversion of diphenylphosphine selenide to diphenyldiselenophosphinate derivatives that were 
characterized by single crystal X-ray diffraction as a complex of lead32 or using NMR 
spectroscopy.39 
In an effort to understand the chemistry of secondary phosphine chalcogenides in 
nanocrystal syntheses we synthesized and investigated the conversion of cadmium 
bis(diphenyldiselenophosphinate) (Cd(Se2PPh2)2) and cadmium bis(diphenyldithiophosphinate) 
(Cd(S2PPh2)2) to cadmium chalcogenide nanocrystals. Metal bis(dichalcogenidophosphinate) 
complexes are well known40-47 and have been used as single source precursors for II-VI 
nanocrystals47,48 and semiconductor thin films,49 however the details of their reactivity in 
solution have not been explored in depth.  
Herein we explore the reaction of Cd(Se2PPh2)2 with cadmium tetradecanoate and show 
that it undergoes light-driven chemistry that has been overlooked in the literature. We also study 
the reaction of Cd(S2PPh2)2 with cadmium tetradecanoate and demonstrate that it provides a 
facile and reliable synthesis of CdS nanocrystals with a narrow size distribution. We demonstrate 
that cadmium tetradecanoate activates the dithiophosphinate complex, forming tetradecanoic 
anhydride and cadmium bis(diphenylphosphinate) (Cd(O2PPh2)2)—products analogous to those 
resulting from conversion of tertiary phosphine chalcogenide precursors.19,22 With an 
understanding of the reaction chemistry in hand, we optimize a synthesis that leads to complete 
conversion of the molecular precursors and show that the precursor reaction limits the rate of the 
crystallization. 
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2.2.2 Synthesis of Cd(E2PPh2)2 
 Both cadmium bis(diphenyldiselenophosphinate) (Cd(Se2PPh2)2) and cadmium 
bis(diphenyldithiophosphinate) (Cd(S2PPh2)2) are readily synthesized from tri-n-butylammonium 
diphenyldichalcogenophosphinate ([Bu3NH]+[E2PPh2]-) and cadmium carboxylate as shown in 
Scheme 2.2.1 for Cd(S2PPh2)2.  
 
 
Scheme 2.2.1 Synthesis of cadmium bis-(diphenyldithiophosphinate) complexes. 
 
[Bu3NH]+[E2PPh2]- is conveniently obtained in a single-step reaction from diphenylphosphine, 
tri-n-butylamine, and elemental sulfur or selenium at room temperature. The reaction with sulfur 
was additionally optimized to increase both the scale and yield of the reaction (see 
experimental). An X-ray structure obtained from a single crystal of [Bu3NH]+[S2PPh2]- is shown 
in Fig. 2.2.1. 
Cd(O2CR)2 [Bu3NH]+[S2PPh2]-+ 2
R = Me, Ph
[Cd(S2PPh2)2]n
25 ˚C












Fig. 2.2.1 Molecular structure of [Bu3NH]+[S2PPh2]-. Selected bond lengths (Å): 
P—S(1) 1.9848(4), P—S(2) 1.9947(4) 
 
Solutions of [Bu3NH]+[E2PPh2]- in acetonitrile react with anhydrous cadmium benzoate 
or cadmium acetate, producing the corresponding tri-n-butylammonium carboxylate and causing 
precipitation of Cd(E2PPh2)2,41,42,47 which are polymeric in the solid state and insoluble in 
common solvents.50 However, Lewis-bases, such as primary alkylamines or tetramethylethylene 
diamine (TMEDA), bind the cadmium center and produce soluble complexes that can be used to 
grow single crystals suitable for X-ray crystallography (see Figures 2.2.2-2.2.3 and Appendix) 
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Fig. 2.2.2 Molecular structure of TMEDA-coordinated Cd(S2PPh2)2 complex. 
Selected bond lengths (Å): Cd—S(1) 2.7482(7), Cd—S(2) 2.7015(7), P—S(1) 
1.9960(9), P—S(2) 1.9974(9), Cd—N 2.421(2). 
 
While Cd(Se2PPh2)2 is treated as air sensitive, Cd(S2PPh2)2 has proven to be stable in air for 
years without any NMR evidence for decomposition.  
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Fig. 2.2.3 Molecular structure of TMEDA-coordinated Cd(Se2PPh2)2 complex. 
Selected bond lengths (Å): Cd—Se(1) 2.8009(5), Cd—Se(2) 2.8579(6), P—Se(1) 
2.1546(8), P—Se(2) 2.1505(7), Cd—N 2.438(2). 
 
Coordination of n-octylamine to Cd(S2PPh2)2  is visible in the 31P NMR spectrum, which 
displays a single resonance (δ = 64.0 ppm, 2 equiv. n-octylamine in C6D6) that shifts upfield to δ 
= 62.5 ppm as the concentration of added n-octylamine increases (Figure 2.2.4). The gradual 
change in chemical shift results from the dynamic equilibrium between ligated and unligated 
species that rapidly interconvert on the NMR time scale, behavior typical of ligand substitution 
at cadmium centers.51 
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Fig. 2.2.4 31P NMR spectra of Cd(S2PPh2)2 in the presence of varying amine 
concentration 
 
2.2.3 Reactivity of Cd(Se2PPh2)2– Light Driven Chemistry 
 As previously stated, the goal of this work was to understand the chemistry of secondary 
phosphine chalcogenides in nanocrystal syntheses. With a pure sample of Cd(Se2PPh2)2 in hand, 
we studied its decomposition and reactivity with common cadmium precursors, such as cadmium 
benzoate, and common additives, such as amines, phosphines, and acids. Based on UV-Vis 
absorbance evidence, Cd(Se2PPh2)2 does not decompose to form CdSe at 80 °C over the course 
of ~8 hours, even in the presence of primary amines or benzoic acid, making it useless as a single 
source precursor under these conditions. However, when activated by a secondary cadmium 
precursor such as cadmium benzoate, cadmium tetradecanoate, or cadmium chloride, in the 
presence of a primary amine, it clearly reacts to form CdSe nanocrystals, usually with discrete 
absorbance peaks suggesting cluster formation. However, it soon became evident that the rates of 
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these reactions were inconsistent; sometimes the reaction would be complete (based on the 31P 
NMR spectrum) in hours and in other instances it would require days. Eventually the source of 
this inconsistency was isolated: reactions that were run in an oil bath in the hood (and therefore 
exposed to ambient light) would react much faster than reactions run in situ in the NMR (with 
minimal light exposure). To validate this hypothesis, two identical reactions were set up with of 
Cd(Se2PPh2)2, n-dodecylamine, and cadmium benzoate at 100 °C , one covered in foil and the 
other exposed to light. 31P NMR spectra of the reactions were obtained after thirty minutes, as 
shown in Fig. 2.2.5; 39% of the Cd(Se2PPh2)2 exposed to light converted to co-products, while 
only 5% of the Cd(Se2PPh2)2 that was not exposed to light converted.  
 
Fig. 2.2.5 31P NMR spectra monitoring the reaction of Cd(Se2PPh2)2 to 
H25C12NHP(Se)Ph2 without light (top) and with light (bottom), highlighting the 
increased rate in the presence of light. 
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This data unequivocally demonstrates that light accelerates the reaction, complicating the 
reaction dramatically and introducing the possibility that a radical process is occurring, although 
there are other possible explanations and no further evidence for a radical mechanism was 
obtained. It is also worth noting that the reaction did occur, albeit over the course of  >3 days, 
even when great care was taken to completely isolate the reaction from light, suggesting that a 
slower, non-light-mediated reaction pathway exists.  
Two years after these experiments were completed (and the study of Cd(Se2PPh2)2 
abandoned because of the difficulty in controlling light-driven reactions), another research group 
published a significant study that attempted to identify and characterize all of the reaction 
mechanisms that occur in secondary-phosphine based reactions, using Cd(Se2PPh2)2 as their 
model precursor.52 Scheme 2.2.2 shows their proposed mechanism.52,53 Of note, however, is that 
the work never considers a light-driven reaction, even though their conditions are nearly identical 





Scheme 2.2.2 Yu and coworkers’ proposed reaction ‘mechanism’ of 
Cd(Se2PPh2)2 and cadmium carboxylates; used with permission from reference 
52. (Note: this is not original work, nor does the author necessarily agree with the 
proposed scheme.) 
 
2.2.4 Reactivity of Cd(S2PPh2)2 
After attempts to use Cd(Se2PPh2)2 as a precursor for CdSe nanocrystals failed (due to the 
undesirable light-driven pathway), the next step was to try Cd(S2PPh2)2 as a precursor for CdS 
nanocrystals. Heating Cd(S2PPh2)2 to 240 °C in a high-boiling solvent does not produce CdS 
nanocrystals, indicating that it is not an effective single source precursor under these conditions. 
However, when heated from room temperature to 240 °C in the presence of cadmium 
tetradecanoate, nanocrystals with narrow absorption features and bright photoluminescence 
appear, as evidenced by spectra of the crude reaction mixture shown in Figure 2.2.6. 
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Figure 2.2.6 Representative absorption (red) and photoluminescence (blue 
dashed) spectra of crude CdS nanocrystals prepared from Cd(S2PPh2)2 and 
cadmium tetradecanoate. 
 
To gain insight into the mechanism of the precursor conversion, the reaction co-products 
were identified. Much like the Cd(S2PPh2)2 precursor itself, the crude product mixture is partially 
insoluble in d6-benzene and shows little to no 31P NMR signal. Adding a Lewis base (e.g. n-
octylamine) produces a clear yellow solution with a single, sharp 31P NMR resonance  (d = 19.2 
ppm). This phosphorus containing co-product is assigned as cadmium bis(diphenylphosphinate) 




Fig. 2.2.7 31P NMR spectra of the crude reaction mixture + n-octylamine before 
(red) and after (blue) the addition of independently synthesized cadmium 
bis(diphenylphosphinate) (Cd(O2PPh2)2. The peak shifts because no additional n-
octylamine was added to the sample, causing the ratio of Cd-complex to amine to 
change and thus leading to a shift in peak position (see Fig 2.2.4). 
 
 Like Cd(S2PPh2)2, Cd(O2PPh2)2  is an insoluble coordination polymer unless Lewis-basic 
ligands are present, which has been observed previously for this and other cadmium phosphinate 
complexes.54,55 Infrared spectroscopy of the crude reaction mixture also shows a diagnostic 
signal for tetradecanoic anhydride (n = 1755, 1820 cm-1), the assignment of which was verified 
by comparison with a commercial sample (Figure 2.2.8). 
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Fig. 2.2.8 FT-IR spectra of the crude reaction mixture (blue) and a commercially 
obtained sample of tetradecanoic anhydride (red) as a standard for identification. 
The two dotted lines highlight the asymmetric (left) and symmetric (right) C=O 
stretches characteristic of anhydride.56 
 
With cadmium bis(diphenylphosphinate) and tetradecanoic anhydride identified as the 
two co-products from the reaction, the final products requiring characterization are the 
nanocrystals themselves. Isolated nanocrystals were analyzed with 1H NMR spectroscopy and 
showed signals consistent with tetradecanoate-termination. The ligands were further probed by 
cleaving them from the nanocrystal with trimethylsilyl chloride (Me3Si-Cl), leading to insoluble 
chloride-terminated nanocrystals and trimethylsilyl esters of the ligands.51 13C, 1H, and 31P NMR 
of the soluble byproducts from the Me3Si-Cl treatment demonstrated exclusive formation of 
trimethylsilyltetradecanoate, confirming that the nanocrystals are bound solely by tetradecanoate 
ligands (no signatures of trimethylsilyldiphenylphosphinate are visible; see Appendix). 
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On the basis of the nanocrystal characterization and co-product assignments we propose a 
balanced reaction for this transformation in which Cd(S2PPh2)2  deoxygenates cadmium 
tetradecanoate leading to tetradecanoic anhydride and Cd(O2PPh2)2, shown in scheme 2.2.3. No 
further efforts were made to probe the mechanisms underlying the reaction, however 
comparisons with Lawesson’s reagent provide an interesting avenue of consideration.57  
 
 
Scheme 2.2.3 Balanced chemical equation for the conversion of cadmium 
bis(diphenyldithiophosphinate) to cadmium sulfide nanocrystals. 
 
The proposed stoichiometry is further supported by comparing the initial ratio of 
cadmium tetradecanoate and Cd(S2PPh2)2 with the final yield of CdS. Figure 2.2.9 shows that the 
relative absorbance of CdS increases as the amount of cadmium tetradecanoate is increased, 
reaching a plateau at 5:4 Cd:S due to the lost atom of cadmium in the cadmium 
bis(diphenylphosphinate) co-product.  
(CdS)i+ 4Cd(O2CR)24 + Cd(S2PPh2)2 Cd(O2PPh2)2R O R
OO4 +
R = C13H27
(CdS)i + Cd(O2CR)2 (CdS)m(Cd(O2CR)2)nm n
 73 
 
Fig. 2.2.9 Relative absorbance of completed reactions that were initiated with 
varying amounts of cadmium tetradecoate. The dashed line assumes the balanced 
chemical reaction in scheme 2.2.3. 
 
31P NMR spectroscopy of the reaction mixture also corroborates the proposed stoichiometry, 
demonstrating complete conversion of the dithiophosphinate precursor to the phosphinate co-
product at this Cd:S ratio (>5:4; Figure 2.2.9). Attempts to quantify the yield of tetradecanoic 
anhydride with 1H and 13C NMR and FT-IR spectroscopies was made difficult by low signal-to-
noise, large background signals, and the instability of tetradecanoic anhydride under the reaction 
conditions. FT-IR proved most useful, allowing us to detect >50% of the expected yield of 
tetradecanoic anhydride using the standard curve shown in Figure 2.2.10. 
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Fig. 2.2.10 Standard curve established using FT-IR absorbance of tetradecanoic 
anhydride standards in an effort to quantify the concentration of tetradecanoic 
anhydride in the crude reaction mixture. 
 
Together, these results imply that all sulfur atoms in Cd(S2PPh2)2  are converted to cadmium 
sulfide in the presence of ≥4 equivalents cadmium tetradecanoate. Additional equivalents of 
cadmium tetradecanoate are needed to passivate the nanocrystal surface; assuming 
stoichiometries similar to those found for carboxylate-terminated cadmium selenide 
nanocrystals, ∼0.2 equivalents of additional cadmium tetradecanoate is required.58,59 A standard 
synthesis, as described in the experimental section, utilizes seven equivalents of cadmium 
tetradecanoate (three excess) in order to maintain maximum photoluminescence for the duration 
of the reaction as described above. 
The co-products described above are analogous to those produced from the reaction of 
tertiary or secondary phosphine chalcogenides with metal carboxylates, where a Lewis-acid 
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activation mechanism results in a tertiary phosphine oxide and carboxylic acid anhydride.19,22 A 
similar pathway appears to be important in the present case, particularly because Cd(S2PPh2)2  
does not undergo reaction in the absence of cadmium tetradecanoate. This pathway differs from 
previous work on secondary phosphine chalcogenides in which zero-valent lead is believed to be 
an intermediate22,31 and conversion of Cd(S2PPh2)2 occurs at much lower temperature in the 
presence of additional diphenylphosphine.36 Reaction with the solvent does not appear to be 
important because similar reaction rates were observed in 1-octadecene or a saturated 
hydrocarbon such as hexadecane.60 
In particular, Lewis-acid activation of the bis(diphenyldithiophosphinate) is likely an 
important step to monomer generation, suggesting that other ‘single-source’ precursors may 
undergo more facile conversion to nanocrystals in the presence of added metal carboxylate or 
phosphonate salts. Furthermore, the rapid formation of dichalcogenidophosphinate derivatives 
from secondary phosphines and their complexation with cadmium and lead32 may be an 
important parallel path to the reduction pathways proposed by others in secondary phosphine 
based reactions.22,31,32  
 
2.3 Characterization of CdS Nanocrystals 
2.3.1 General Characterization of the CdS Nanocrystals 
The lowest energy absorption maximum of the nanocrystals produced by this method 
invariably falls between 412-422 nm, corresponding to an average diameter of 3.8-4.1 nm 
according to the sizing formula published by Yu et al.61 High-resolution transmission electron 
micrographs suggest a significantly smaller diameter of ~3.5 nm (Figure 2.3.1), which is likely a 
result of the error associated with the empirically derived sizing formula. Powder X-ray 
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diffraction of isolated nanocrystals is consistent with a predominantly zinc blende phase (Figure 
2.3.2). 
 
Fig. 2.3.1 Transmission electron micrographs of CdS nanocrystals produced from 
heating up Cd(S2PPh2)2  and cadmium tetradecanoate. 
 
 
Fig. 2.3.2 Powder X-ray diffraction pattern of isolated CdS nanocrystals. The 
bulk zinc blende CdS standard was obtained from the International 
Crystallographic Structure Database (ICSD) as coll. code 29278. 
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Careful analysis of the UV-Vis absorbance spectra of CdS nanocrystals synthesized from 
Cd(S2PPh2)2 and cadmium tetradecanoate suggest the formation of CdS clusters during the 
synthesis. While not always observable, occasionally a set of extra peaks appear in the final 
crude absorbance spectrum from the reaction, as shown in the left panel of Fig. 2.3.3. These 
extra peaks appear at 309 and 348 nm, corresponding to previously reported cluster sizes.62,63 
The right panel of Fig. 2.3.3 shows that when the reaction is carried out at 180 °C rather than the 
standard 240 °C, a set of sharp peaks at high energy (309 and 323 nm) develop prior to the 
appearance of a continuously-growing peak, again corresponding to previously reported cluster 
sizes.62,63 
 
Fig. 2.3.3 Absorbance spectra of crude reaction mixtures from syntheses 
performed at 240 °C (A; left) and 180 °C (B; right) showing evidence of cluster 
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formation in the synthesis. The dashed lines highlight probable cluster-derived 
peaks, as described in the text. 
 
2.3.2 Photoluminescence Characterization 
Figure 2.2.6 shows the sharp band-edge photoluminescence (fwhm = 0.11 eV) offset from 
the absorbance maximum by a 0.06 eV Stokes shift, as well as a broad trap emission centered at 
~630 nm, which is a common feature of CdS nanocrystal photoluminescence.60,64-66 Taking into 
account both emission features the total photoluminescence quantum yield of the crude 
nanocrystals is as high as 36% when compared with a coumarin-153 standard.67 Most reports of 
photoluminescence quantum yield for colloidal CdS are ≤12%,64,65 however there are reports as 
high as 30%68 and 46%.66  
2.3.3 Characterization of Distribution of Sizes 
The linewidth of the first electronic transition from a typical synthesis has a full width at 
half maximum height (fwhm) of 0.17 eV or less, corresponding to a standard deviation of less 
than 10% and among the narrowest distributions reported for colloidal CdS.64-66,68 Monitoring 
the crystallization by removing aliquots during growth shows a decrease in the breadth of the 
lowest energy electronic absorption (!!"!! = 0.09 → 0.07 eV).  
A diameter distribution was then extracted from each of the absorption spectra by 
converting each point in the absorption spectra from wavelength to diameter and correcting for 
the size-dependent extinction according to Yu et al.61 The region corresponding to the lowest 
energy electron transition in the transformed spectra (now a histogram of diameters) was fit with 
a Gaussian function using a least squares analysis. Values of diameters beyond the first 
electronic transition are meaningless, and were not included in the fit. The center of the Gaussian 
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corresponds to the average size of the nanocrystals and the breadth of the Gaussian to the 
polydispersity of the sample.  The standard deviation (σ) was extracted and used to calculate the 
percent standard deviation (%σ) by dividing σ by the average diameter. Homogenous line 
broadening of individual nanocrystals is ignored in this analysis, resulting in σ and %σ that are 
slight overestimates (~25%) of the actual polydispersity of the sample.69 Based on the calculated 
diameter distributions, the spectral narrowing observed in the absorbance spectra actually 
corresponds to a slight increase in the absolute size distribution (Figure 2.3.4; !!"#$%&%' = 0.34 
→ 0.37 nm). 
 
Fig. 2.3.4 Gaussian functions (red, dashed) representing the distribution of 
nanocrystal diameters in aliquots removed during a reaction. The Gaussians were 
obtained by fitting histograms of nanocrystal diameters (black, solid) extracted 
from the absorbance spectra. Nanocrystals with similar size distributions are 
shown in Figures 2 and 6. Homogenous line broadening of individual 
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nanocrystals is ignored in this analysis, implying that σ and %σ are overestimates 
of the actual polydispersity of the sample. 
 
Although size focusing is not observed, Ostwald ripening is slow under these conditions, 
even when the reaction is heated much longer than the time required to convert all nanocrystal 
precursors. However, size distribution broadening does occur when reactions are run in the 
presence of added oleic acid, in agreement with previous studies that show acidic surfactants 
catalyze Ostwald ripening.23 Thus, it appears that the absence of free acids in this synthesis is at 
least partially responsible for the narrow size distributions obtained.  
 
2.4 Control of CdS Nanocrystal Size from Cd(S2PPh2)2 : A Story of Rates 
2.4.1 Size Control 
Unlike most II-VI nanocrystal syntheses, the final size is relatively insensitive to changes 
in the reaction conditions. Nanocrystals consistently form with a first electronic absorption 
maximum at 412-422 nm and with a comparable line width despite relatively significant changes 
to the reaction conditions. As illustrated in Figure 2.4.1, changes to the chain length of the 
carboxylate (undecanoate vs. tetradecanoate), the ratio of Cd:S (2:1 vs. 4:1), the reaction solvent 
(hexadecane vs. 1-octadecene), reaction time (40 minutes vs. 120 minutes), or total concentration 
(1-5×) do not result on drastic changes to the final nanocrystal product. 
 81 
 
Fig. 2.4.1 Absorption spectra of CdS nanocrystals synthesized under various 
reaction conditions. aStandard reaction conditions are described in the 
experimental section. bThese spectra are scaled by 1/2 and 1/5, respectively, in 
order to allow direct comparison with reactions run at standard concentration. 
 
This invariance to reaction conditions and slow Ostwald ripening makes the size of 
nanocrystals obtained using this method highly reproducible (and is further discussed below); 
however, control over nanocrystal size is a key feature for any useful nanocrystal reaction. To 
enable control over nanocrystal size, additional precursors can be added (as solids) to a standard 
synthesis that has reached completion, which leads to nanocrystal growth without further 
nucleation, resulting in larger nanocrystals that maintain a narrow size distribution. As shown in 
Figure 2.4.2, this provides access to nanocrystals ranging in diameter from 3.9 - 5.4 nm.61 By 
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tuning the amount of precursors added, the desired size of nanocrystals can be achieved in full 
yield.  
 
Figure 2.4.2 Absorbance spectra of larger nanocrystals grown by adding 
additional precursors (as solids) to a standard synthesis that has reached 
completion. 
 
2.4.2 How Rates Influence Size 
Having identified the underlying precursor reaction stoichiometry, we were in a position 
to investigate the relative rates of precursor conversion and nanocrystal formation in an effort to 
explain the invariance of the final nanocrystal size. We monitored these two distinct processes by 
analyzing aliquots with multiple techniques: 31P NMR provided a measure of the precursor 
conversion and UV-Visible absorption spectroscopies was used to determine the size and 
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concentration of the nanocrystals. An example dataset is shown in Fig.  2.4.3, showing both the 
NMR data (left) and UV-Vis data (right) for the same reaction.  
 
Fig. 2.4.3 Time dependent 31P NMR spectra (left) and UV-Visible absorbance 
spectra (right). The NMR shows conversion from the Cd(S2PPh2)2 precursor to 
the Cd(O2PPh2)2 co-product, enabling a measure of the precursor reaction. The 
absorbance spectra enable a measure nanocrystal formation. (Note: The 
Cd(O2PPh2)2 peak slightly broadens with time, causing the height to decrease. 
The integrals of the initial and final peaks match.) 
 
Figure 2.4.4 shows both the percentage of precursors converted and the percent yield of 
cadmium sulfide versus time. The strong correspondence between the rates of these processes 
indicates that the crystallization rate is limited by the precursor conversion kinetics and supports 




Fig 2.4.4 Summary of kinetics data showing both precursor conversion (filled 
circles) and nanocrystal formation (empty circles), determined from 31P NMR and 
UV-Vis absorbance spectroscopies respectively. The data points, and thus 
reaction rates, correspond closely with one another. The panel above shows the 
temperature change during a typical reaction. 
 
Taking into account the quantitative conversion of Cd(S2PPh2)2 and the lack of Ostwald ripening, 
the invariability of the final size of the nanocrystals to the total concentration means that the final 
number of nanocrystals must be proportional to the initial precursor concentration. In other 
words, as the concentration of precursors is doubled, so too must the final concentration of 
 85 
nanocrystals double, such that they end up the same size at the end of the reaction. Even at five 
times the concentration of precursors the final size is unchanged, strongly indicating that that the 
number of nanocrystals is changing with precursor concentration. As described in the 
introduction (section 1.3.3), the kinetics of a nanocrystal reaction plays a significant role in the 
number of nanocrystals produced. Specifically, Sugimoto’s model predicts that the number of 
nanocrystals, n, is linearly related to the precursor conversion rate, Q0, by 
 ! = !!! !! 
2.4.1 
We have already established that the number of nanocrystals is linearly related to the total 
precursor concentration, and assuming equation 2.4.1 holds true for this system then the number 
of nanocrystals is likewise linearly related to the precursor conversion rate, which then implies 
that the precursor conversion rate must also scale linearly with the total precursor concentration. 
In other words, the size invariance of the nanocrystals can be rationalized if the precursor 
conversion rate shows a first order dependence on total precursor concentration. To further 
support this hypothesis, the rate of precursor conversion was monitored in a reaction run at three 
times the standard concentration, and as expected the reaction occurred faster (Figure 2.4.5).  
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Fig. 2.4.5 Kinetics data comparing the conversion rate at the standard reaction 
concentration (circles) and at 3× the standard concentration (crosses)  
 
Unfortunately the temperature changes over the course of the reaction, prohibiting a formal 
kinetics analysis. However, because nucleation is fast and consistent in this reaction we believe 
an informal kinetic analysis can provide useful insights. Thus, the natural log of the relative 
concentration of Cd(S2PPh2)2 (measured with 31P NMR) is plotted against time for both the 
standard concentration and the three times more concentrated sample in Figure 2.4.6. Both 
relationships are fairly linear, suggesting first-order kinetics. Furthermore, by comparing the rate 
constants extracted from the relative slopes we find that the reaction run at three times the 
standard concentration is faster by a factor of 3.1, again supporting the conclusion that the 




Fig. 2.4.6 Log-time plot for the kinetic data at both the standard and 3× the 
standard concentrations. The linear relationships suggest a first-order process. The 
variance from linear for the 3× concentrated data is likely due to the error 
associated with integrating the 31P NMR, whereas the standard concentration data 
is averaged over numerous experiments. 
 
Combined with reproducible conversion chemistry, the apparent first-order concentration 
dependence is likely responsible for the invariability in the final size. In contrast, the few prior 
examples that showed that the number of nanocrystals depends on the rate of solute formation 
during nucleation determined that the precursor conversion rate (and therefore the number of 
nanocrystals) had a second order dependence on precursor concentration.23,70 The fact that few 
other reactions display the same invariability of nanocrystal size shown here suggest that either 
first order precursor conversion reactions are relatively rare, or that few other reactions are 
reproducible enough to observe the invariability.  
 88 
2.5 Surface Chemistry of CdS Nanocrystals 
2.5.1 Photoluminescence Bright Point 
Another interesting observation in this CdS nanocrystal synthesis is that over the course 
of the reaction a “photoluminescence bright point” is observed. Much like previous reports of 
similar phenomenon, it is strongly correlated with the initial cadmium to sulfur ratio as 
illustrated in Figure 2.5.1.73 At all Cd:S ratios the photoluminescence peaks <10 minutes into the 
reaction, followed by a subsequent decrease. However, at a high cadmium to sulfur ratio (2:1) 
the quantum yield does not significantly decay, maintaining a PLQYband edge + trap of >30% over 
the duration of the reaction, whereas lower Cd:S ratios result in much lower PLQY at the end of 
the reaction. These observations inspired the idea that the surface chemistry, which is strongly 
correlated to the photophysical properties of nanocrystals, might be changing over the course of 
the reaction. As described below, it turns out that the concentration of free cadmium carboxylate 
in the reaction mixture is likely the important factor, and as the concentration decreases so does 




Fig. 2.5.1 Total photoluminescence of CdS nanocrystals as a function of reaction 
time, shown for Cd:S ratios varying from 1:4 (bottom; red) to 8:4 (top; purple). 
The total photoluminescence accounts for both band edge and trap luminescence. 
 
2.5.2 Affect of Isolation on CdS Photoluminescence 
Due to the polymeric nature of the cadmium bis(diphenylphosphinate) the isolation of the 
CdS nanocrystals from the crude reaction mixture proved difficult. Traditionally, nanocrystals 
are isolated from the reaction media through a series of precipitation/re-dissolution washes. 
However, in this case, the polymeric co-product would precipitate along with the nanocrystals. 
To overcome this challenge, a Lewis base such as tetramethylethylenediamete (TMEDA) was 
added during the initial washing steps to coordinate the cadmium bis(diphenylphosphinate) and 
increase its solubility, akin to the use of amines to increase the solubility of the Cd(S2PPh2)2 for 
characterization. Interestingly, the isolated CdS nanocrystals displayed a drastically reduced 
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photoluminescence quantum yield compared with the crude reaction mixture, starting at >30% 
and ending at <5%. 
 
Fig. 2.5.2 Absorbance and photoluminescence (PL) spectra of the CdS 
nanocrystals from the crude reaction mixture (left) after isolation (right), which 
included a step involving precipitation in the presence of TMEDA. The 
photoluminescence spectra are normalized to the measured quantum yield.  
 
2.5.3 Observation of Cd(O2CR2)2 Displacement from CdSe Nanocrystals 
 Around the same time of both of the previously highlighted observations, N. C. Anderson 
made a related discovery on the CdSe nanocrystals that he was studying. As discussed in the 
introduction, the addition of L-type tri-n-alkylphosphine to chloride-terminated nanocrystals 
resulted in four peaks in the 31P NMR, rather than the expected two (free and bound phosphine). 
One of these extra peaks was assigned as a small molecule complex of cadmium chloride 
coordinated by tri-n-alyklphosphine, suggesting that the addition of phosphine had resulted in the 
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displacement of cadmium chloride from the surface.58,59 In a series of follow-up experiments, 
Anderson was able to show that the same process occurs in cadmium carboxylate terminated 
CdSe nanocrystals, as illustrated in scheme 2.5.1.  
 
Scheme 2.5.1 Cartoon illustrating the L-type-promoted displacement of Z-type 
(e.g. cadmium carboxylate) ligands from the surface of ME nanocrystals 
 
Furthermore, he was able to measure the relative displacement efficiency of a range of L-type 
Lewis bases using the appearance of a sharp peak in the vinyl region of the 1H NMR spectra, 
corresponding to the free cadmium oleate complex. He discovered that hard, chelating ligands, 
such as TMEDA, are among the most efficient molecules at displacing cadmium carboxylate.59 
This finding, in conjunction with the reduced PLQY in the CdS nanocrystals after the TMEDA 
wash described above, suggested that not only did the addition of L-type ligands displace excess 
cadmium from the surface of the nanocrystals, but that in doing so it was changing the 
photophysical properties of the nanocrystals.59  
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2.5.4 Photoluminescence Dependence on Cadmium Coverage: Theory & Results 
Previous studies have found that cadmium and zinc ions significantly improve PLQY and 
reduce photocharging when bound to nanocrystal surfaces.74-84 Presumably these metal ions act 
as Z-type ligands, passivating mid gap states by binding surface chalcogenide sites and thereby 
preventing hole trapping as shown in Figure 2.5.3.85,86 In general, removing Cd(O2CR)2 
decreases PLQY; the greatest observed change in PLQY was caused by dissolution of 
nanocrystals in neat TMEDA (PLQY < 0.1%).  
 
Fig. 2.5.3 Idealized MO diagram of CdS nanocrystals, showing mid-gap surface 
states. Z-type ligands can accept electron density from the surface sulfur atoms, 
passivating the surface sulfur and pushing the energy level into the band. 
 
Anderson was able to quantify the concentration of bound and free Cd(O2CR)2 by integrating the 
1H NMR spectra against an internal standard, which showed PLQY has a strong super-linear 
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correlation to cadmium coverage. PLQY is very sensitive to coverages above 2.5 carboxylates 
nm-2, while samples with lower coverages are weakly photoluminescent. 
An exception to the trend that lower Cd(O2CR)2 coverage corresponds to reduced PLQY 
are samples exposed to primary amines, which display significantly increased PLQY despite 
removing the greatest proportion of Cd(O2CR)2. This discrepancy can be explained, however, by 
the strong association of amine ligands to the nanocrystal surface: the PLQY increase is related 
to the high coverage of amine ligands rather than an effect derived from the cadmium 
coverage.87,88 This is further supported by the observation that the PLQY of isolated nanocrystals 
with low Cd(O2CR)2 coverage increases with increasing amine concentrations. The competition 
between L-type ligands removing Z-type ligands which reduces the PLQY, and interacting with 
the nanocrystal themselves to passivate surface cadmium sites and increase the PLQY, highlights 
the complexity and challenges associated with controlling the surface chemistry of nanocrystals 
in order to improve their photophysical properties.  
2.5.6 Influence of Cadmium Coverage on Nanocrystal Absorbance 
Remarkably, while ~85% of the surface Cd(O2CR)2 in a TMEDA-treated sample has 
been displaced, corresponding to approximately a 10% reduction in the total number of cadmium 
ions in the nanocrystal, there is only a slight red-shift (~1 nm) in the wavelength of the lowest 
energy absorption. When calculating the volume change using the ionic radii of Cd2+ (109 pm) 
and Se2− (184 pm) and the void space of the unit cell,89 this change in formula corresponds to a 
3% decrease in volume and can be expected to produce a 4 nm blue-shift at this size. The 
insensitivity of the first absorption energy to changes in the coverage of surface Cd(O2CR)2 is 
surprising and suggests that its 5s functions do not significantly contribute to the conduction nor 
valence band edges, and instead contribute to states within the bands.   
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While the lowest energy absorption is not altered with a decrease in the cadmium ion 
coverage, higher energy transitions are significantly influenced. Not only does removal of 
Cd(O2CR)2 from cadmium sulfide or cadmium selenide nanocrystals quench the band-edge 
PLQY, it also decreases the apparent intensity of the 1Se-2S3/2h absorption, which is clearly 
apparent in the cadmium sulfide nanocrystals thanks to their narrow absorption features, as 
shown in Figure 2.5.2. Comparisons between the original and etched samples, however, show 
that the 1Se-2S3/2h absorption is reduced by broadening rather than a change in extinction 
(Figures 2.5.4-2.5.5). Although others have noted a relationship between surface structure and 
the linewidth of these higher energy transitions, the origin of these changes remains unclear.90-92 
 
Fig 2.5.4 Difference (orange) between the absorption spectra for as-synthesized 
CdS nanocrystals (black) and those isolated with TMEDA (red). The W-shaped 
curve is characteristic of peak broadening, in this case of the 1Se-2S3/2h transition. 
Integration of the normalized spectra also indicates that the 1Se-2S3/2h transition is 




Fig. 2.5.5 Absorbance spectra (transparent lines) for CdS nanocrystals normalized 
at the first transition and fit between 348 nm and 396 nm with two Gaussians 
(solid lines). As synthesized nanocrystals (blue) have a full-width half-maximum 
(FWHM) of 0.18 eV for the 1Se-2S3/2h transition. Upon addition of TMEDA and 
removal of Cd(O2CR)2 (red), the FWHM of the 1Se-2S3/2h transition increases to 
0.27 eV. Rebinding of cadmium oleate (green) causes the 1Se-2S3/2h transition to 
narrow to the original FWHM of 0.18 eV (see below). 
 
2.5.7 Reversibility of Cadmium Carboxylate Displacement from a Nanocrystal Surface 
The concentration dependence of the Cd(O2CR)2 coverage and the rapid displacement 
kinetics of the surface-bound Cd(O2CR)2 suggested that rebinding Cd(O2CR)2 might be 
straightforward. To investigate the reversibility of displacement, a solution of unaggregated CdS 
nanocrystals with a low surface Cd(O2CR)2 coverage was stirred with cadmium oleate at room 
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temperature in THF. After separating free Cd(O2CR)2 by repeated precipitation of the 
nanocrystals with methyl acetate, the carboxylate coverage had increased to  roughly 60% of the 
coverage prior to displacement with TMEDA, along with the reemergence of the band edge 
photoluminescence (see Figure 2.5.6). The partial rebinding at room temperature may result from 
slow organization of carboxylate ligands at high coverages or a slow surface reconstruction that 
must be reversed prior to rebinding. However, complete recovery of the original surface ligand 
density was demonstrated with CdSe by heating the nanocrystals to the original reaction 
temperature of 240 °C in the presence of cadmium oleate and oleic acid. Although the 
temperature dependence of binding deserves further study, the reversibility implies that surface-
bound cadmium ions are in equilibrium with free cadmium complexes in solution, and thus 
nanocrystal stoichiometry is concentration dependent.  
 
Fig. 2.5.6 Absorbance and photoluminescence (PL) spectra of the CdS 
nanocrystals isolated using TMEDA (left) and after rebinding cadmium 
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carboxylate by stirring in THF (right). The photoluminescence spectra are 
normalized to the measured quantum yield. 
 
2.6 Summary  
2.6.1 Summary 
The chemistry of phosphine chalcogenide precursors used in nanocrystal syntheses was 
summarized. Using a novel secondary phosphine-based precursor complex, cadmium 
bis(diphenyldithiophosphinate), we identified a new synthetic route to CdS nanocrystals by 
reacting it with cadmium carboxylate. Nanocrystals formed under these conditions consistently 
fall within a narrow range of sizes and exhibit unusually sharp absorption features. This behavior 
results from well-defined and reproducible precursor reactivity and a lack of Ostwald ripening. 
Unambiguous characterization of the tetradecanoic anhydride and Cd(O2PPh2)2 co-products 
allows us to write a balanced chemical equation for the precursor reaction (Scheme 2.2.3). With 
this knowledge we were able to optimize a synthesis that provides cadmium sulfide nanocrystals 
in quantitative yield and obtain nanocrystals with unambiguous chemical composition. The 
observed co-products are analogous to those resulting from tertiary phosphine chalcogenide 
precursors, suggesting a similar Lewis-acid activation pathway is likely important in this case. 
From this we suggest that Lewis-acidic metal complexes could activate related ‘single-source’ 
precursors, significantly improving their utility in nanocrystal syntheses.  
The lability of Z-type MX2 ligands has also been shown to be a key aspect of nanocrystal 
reactivity. Various neutral ligands can displace Cd(O2CR)2 from CdS and CdSe; chelating 
alkanediamines and primary n-alkylamines are the most efficient etchants, displacing >90% of 
the surface-bound Cd(O2CR)2. Changes to the nanocrystal stoichiometry strongly influence the 
 98 
optical properties of the nanocrystals. In particular, a decrease in the surface-bound Cd(O2CR)2 
is shown to greatly reduce the apparent intensity of the 1Se−2S3/2h transition without significantly 
influencing the lowest energy absorption. The PLQY is also quenched by decreasing the 
carboxylate coverage, particularly when coverages below 2 carboxylates nm−2 are reached. This 
effect is likely derived from the interaction of surface cadmium ions with midgap chalcogen-
derived states. The displacement reactivity is also reversible, as are the corresponding changes to 
the optical properties, behavior that helps explain the sensitivity of nanocrystal luminescence.  
Cadmium chalcogenide nanocrystals have chemical formulas that are dynamic at room 
temperature and depend on the solution composition. Thus, any definition of their purity is 
arbitrary. It is therefore of the utmost importance that the solutions in which nanocrystals are 
handled, and in particular the extent to which Z-type and L-type ligands are separated during 
isolation, is carefully managed. Without controlling their chemical formulas, understanding the 
relationship between nanocrystal properties and structure will be difficult. This underscores the 
need for improved syntheses and isolation procedures that manage stoichiometry (see chapter 
three!).  
2.6.2 Layman’s Summary 
Cadmium sulfide and cadmium selenide are among the most common materials for 
nanocrystal quantum dots. Researchers have used a variety of different starting materials to make 
these nanocrystals, but the most widely used are compounds with a phosphorus-sulfur or 
phosphorus-selenium bond. This is due in part to the long precedence of using these precursors, 
but also because they generally react under the right conditions to produce nice nanocrystals. The 
work in this chapter was inspired by a report that suggested a particular phosphorus-selenium 
compound (similar to that shown in Fig. 2.2.3, but with lead instead of cadmium) was an 
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unreactive byproduct of their reaction, which is surprising given the similarities between the 
compound and other, widely used precursors. We synthesized the cadmium analog of the 
phosphorus-selenium compound and showed that in the presence of another cadmium precursor 
it reacts to form CdSe nanocrystals. However, we quickly discovered that its reactivity is 
mediated by light, which makes both understanding and controlling the reaction a challenge. It is 
worth noting that since this precursor was abandoned, other reports describing its reactivity have 
appeared that completely ignore the possibility of a light-driven reaction.  
Next, we synthesized the phosphorus-sulfur version of the same compound, which did 
not form nanocrystals when heated by itself (even though it has both cadmium and sulfur in the 
compound), but in the presence of another cadmium precursor it reacts to form high quality 
cadmium sulfide nanocrystals. We studied the reaction to figure out what the byproducts are (one 
of which was similar to the starting precursor, including the original cadmium atom, which 
explains why it does not react without another cadmium precursor present). We also optimized 
the reaction to form large batches of nanocrystals in high yield that maintain their brightness 
throughout the course of the reaction.  
One of the weird characteristics of this reaction is that no matter what you do to the 
reaction conditions, the nanocrystals always end up the same size, which is unusual because 
nanocrystal reactions are normally quite sensitive to the reaction conditions. We hypothesize that 
this phenomenon is due to the relationship between the reaction conditions (especially 
concentration) and rate of the reaction, which in turn is related to the number and size of the 
nanocrystals. An analogy can be made to cutting a cake: normally, the more pieces that are cut 
from a cake the smaller they have to be. But in this case, we believe that the size of the cake 
dictates the number of pieces: double the size of the cake, the number of pieces must double (i.e. 
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the concentration is linearly proportional to the rate: double the concentration, the rate must 
double). If both the size of the cake and the number of pieces double, the pieces end up the same 
size, and if the size and number always scale with each other, the pieces will always be the same 
size, as we observe. 
Finally, we used the cadmium sulfide nanocrystals to study the surface chemistry of the 
nanocrystals, which is important because the crystals are so small that the majority of the atoms 
are on or near the surface. The field already knew that there was a layer of extra cadmium ions 
on the surface of the nanocrystals; we discovered that this layer can come on and off, and that 
certain chemicals can mediate how much comes off. We also discovered that this layer is 
important to the brightness of the nanocrystals.  
 
2.7 Experimental Details 
2.7.1 Materials and Methods 
All manipulations were performed under air-free conditions unless otherwise indicated using 
standard Schlenk techniques and/or in a nitrogen-filled glove box. Cadmium nitrate tetrahydrate 
(99%), sodium hydroxide, tetradecanoic acid (99%), undecanoic acid (98%), diphenylphosphinic 
acid (98%), methanol (99.8%), benzoic acid (>99.5%), tetradecanoic anhydride (95%), coumarin 
153, hexadecane (99%), and 1-octadecene (90%) were obtained from Sigma Aldrich and used 
without further purification. Tri-n-butylamine (99%), n-octylamine (99%), and 
chlorotrimethylsilane (99%) were obtained from Sigma Aldrich; tetramethylethylenediamine 
(99%) was obtained from Strem Chemicals; all were dried over CaH2, distilled, and stored under 
nitrogen prior to use. Diphenylphosphine (99%) was obtained from Strem and used without 
further purification. CdMe2 was purchased from Strem and vacuum distilled prior to use. 
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CAUTION: Dimethylcadmium is an extremely toxic liquid and due to its volatility and air-
sensitivity should only be handled by a highly trained and skilled scientist. Cadmium 
tetradecanoate and cadmium undecanoate were prepared on 5 mmol scale according to Chen et 
al.93 Pentane (99%) and toluene (99%) were dried over alumina drying columns, shaken with 
activated alumina, and stored over 4 Å molecular sieves for at least 24 hours prior to use. d6-
Benzene (99.6%), anhydrous acetonitrile (99.8%) and anhydrous methyl acetate (99.5%) were 
purchased from Sigma Aldrich, shaken with activated alumina, filtered, and stored over 4 Å 
molecular sieves for at least 24 hours prior to use. ACS grade toluene (>99.5%) used for optical 
spectroscopy was purchased from Sigma Aldrich and used without further purification. CD2Cl2 
was purchased from Cambridge Isotope Labs, filtered over activated alumina, and stored over 4 
Å molecular sieves for at least 24 hours prior to use.  
NMR spectra were recorded on Bruker Avance III 400 MHz and 500 MHz instruments. 
UV-Visible absorption data was obtained using a Perkin Elmer Lamda 650 spectrophotometer 
equipped with deuterium and tungsten halogen lamps. Fluorescence measurements were 
performed using a FluoroMax 4 from Horiba Scientific. FT-IR spectra were obtained on a 
Thermo Scientific Nicolet 6700 spectrometer equipped with a liquid N2 cooled MCT-A detector. 
Powder XRD analysis was performed on an Inel X-ray diffractometer equipped with a wide-
angle detector. Quantum yield was measured against a freshly prepared coumarin standard in 
ethanol (PLQY = 53%) by exciting at the point where the absorption of the CdS and coumarin 
overlapped (~390 nm) and taking into account the different indices of refraction of the solvents 




2.7.2 Precursor Synthesis and Characterization  
Synthesis of Cd(O2P(C6H5)2)2 (cadmium diphenylphosphinate). Following a 
procedure analogous to that used to make cadmium tetradecanoate,56 one equivalent of 
cadmium nitrate tetrahydrate (0.15 g; 0.5 mmol) is dissolved in 5 mL methanol. Sodium 
diphenylphosphinate is prepared by mixing three equivalents of sodium hydroxide (0.06 g; 1.5 
mmol) and three equivalents of diphenylphosphinic acid (0.33 g; 1.5 mmol) in 50 mL of 
methanol. The cadmium nitrate solution is then added to the diphenylphosphinate solution 
dropwise over 10 minutes with vigorous stirring. Following one hour of stirring ~80% of the 
methanol is removed by rotary evaporation, and the resulting white powder is isolated via 
filtration. The powder is washed three times with methanol and dried under vacuum at ~60 °C 
overnight (0.25 g; 90%). The isolated powder is insoluble in common organic solvents, however 
solutions for NMR spectroscopy can be obtained by adding TMEDA. 1H NMR (CD2Cl2, 500 
MHz): δ = 2.18 (s, TMEDA, -CH3), 2.32 (s, TMEDA, -CH2), 7.19 (b, 2H, m-CH), 7.30 (b, 1H, 
p-CH), 7.65 (b, 2H, o-CH). 13C{1H} NMR (CD2Cl2, 125.7 MHz): δ = 46.18 (s, TMEDA, -CH3), 
58.25 (s, TMEDA, -CH2), 127.69 (b, 2H, m-C), 129.80 (b, 1H, p-C), 131.29 (b, 2H, o-C). 
31P{1H} NMR (CD2Cl2, 202.4 MHz): δ = 22.90 (s). 
Synthesis of Cd(O2CC6H5)2 (cadmium benzoate). This procedure is similar to previous 
examples of using dimethylcadmium to prepare cadmium salts.51 In a nitrogen-filled glove box, 
benzoic acid (6.84 g; 56 mmol) is suspended in a mixture of pentane (120 mL) and toluene (20 
mL) and the vessel wrapped in aluminum foil. With the lights turned off, dimethylcadmium 
(3.99 g; 28 mmol) is added dropwise to the suspension over 10 minutes causing bubbling of the 
solution. The resulting white slurry is stirred for 3 hours in the dark and the resulting precipitate 
is isolated by filtration, washed with pentane, and dried to a constant mass under vacuum (9.54 g, 
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96%). The isolated powder is insoluble in common organic solvents. Solutions for NMR 
spectroscopy were obtained by adding an excess of TMEDA. 1H NMR (CD2Cl2, 500 MHz): δ = 
2.24 (s, TMEDA, -CH3), 2.38 (s, TMEDA, -CH2), 7.37 (t, 2H, m-CH), 7.45 (t, 1H, p-CH), 8.06 
(d, 2H, o-CH). 13C{1H} NMR (CD2Cl2, 125.7 MHz): δ = 46.30 (s, TMEDA, -CH3), 58.11 (s, 
TMEDA, -CH2), 128.31 (b, m-C), 130.63 (b, o-C), 131.51 (b, p-C), 175.35 (s, 1-C). 
Synthesis of  [Bu3NH]+[S2PPh2]-. To a round bottom flask equipped with a stir bar, 
sulfur powder (960 mg; 30 mmol), diphenylphosphine (2.79 g; 15 mmol) and tri-n-butylamine 
(2.78 g; 15 mmol) are added to 35 mL toluene at room temperature, and the mixture is left 
stirring overnight. The solvent is removed en vacuo leaving an oily residue that is triturated with 
pentane (20 mL), filtered and washed with additional pentane (50 mL). The resulting white 
powder is dried under vacuum (6.21 g; 95%). [Bu3NH]+[S2PPh2]- can be stored indefinitely at 
room temperature under inert atmosphere. Slow evaporation of a diethyl ether solution produced 
single crystals of [Bu3NH]+[S2PPh2]- suitable for X-ray crystallography (see Table S1 for 
structure parameters and Figure S12 for an ORTEP diagram). 1H NMR (CD2Cl2, 500 MHz): δ = 
0.87 (t, 3H, CH3), 1.29 (m, 2H, CH2), 1.66 (m, 2H, CH2), 3.07 (m, 2H, CH2), 7.30 (m, 3H, m-CH 
& p-CH), 8.08 (m, 2H, o-CH), 10.02 (b, 1H, NH). 13C{1H} NMR (CD2Cl2, 125.7 MHz): δ = 
13.89 (s, CH3), 20.55 (s, CH2), 25.43 (s, CH2), 52.25 (s, CH2), 127.90 (d, m-C), 129.54 (d, p-C), 
131.02 (d, o-C). 31P{1H} NMR (CD2Cl2, 202.4 MHz): δ = 60.86 (s) 
Synthesis of Cd(S2PPh2)2 (cadmium bis-(diphenyldithiophosphinate). Following a 
variation on previous syntheses utilizing metal halide salts and ammonium dithiophosphinates, 
41,42,47 [Bu3NH]+[S2PPh2]- (2.61 g; 6 mmol), cadmium benzoate (1.06 g; 3 mmol), and 
acetonitrile (100mL) are added to a 250 mL round bottom flask equipped with a stir bar. The 
solution is left stirring overnight resulting in a pale pink suspension. The acetonitrile is removed 
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en vacuo leaving an oily residue to which methyl acetate (5 mL) is added. Pentane (~8 mL) is 
then added, the mixture filtered through a glass frit and the white powder washed twice with 
pentane (50 mL) and dried under vacuum (1.47 g; 80%). The complex was unchanged when 
stored under ambient conditions after > 6 months as confirmed by NMR spectroscopy. The 
complex is insoluble in common organic solvents57 however it is minutely soluble in d2-
dichloromethane such that a 31P NMR spectrum could be obtained, matching that of a previously 
reported synthesis of this compound33. 1H NMR (CD2Cl2, 500 MHz): δ = 7.49 (m, 3H, m-CH & 
p-CH), 7.97 (m, 2H, o-CH). 31P{1H} NMR (CD2Cl2, 161.9 MHz): δ = 65.7 (s). 
Synthesis of Cd(S2PPh2)2(TMEDA). Excess tetramethyletheylenediamine was added to 
a suspension of Cd(S2PPh2)2 in dichloromethane resulting in a clear and colorless solution. Slow 
evaporation of the solvent produced single crystals of Cd(S2PPh2)2(TMEDA) suitable for X-ray 
crystallography (see Table S1 for structure parameters and Figure 1 for an ORTEP diagram). 1H 
NMR (CD2Cl2, 500 MHz): δ = 2.19 (s, TMEDA, -CH3), 2.35 (s, TMEDA, -CH2), 7.37 (b, 2H, 
m-CH), 7.42 (b, 1H, p-CH), 7.99 (b, 2H, o-CH). 13C{1H} NMR (CD2Cl2, 125.7 MHz): δ = 46.08 
(s, TMEDA, -CH3), 58.11 (s, TMEDA, -CH2), 127.80 (b, 2H, m-C), 130.01 (b, 1H, p-C), 130.76 
(b, 2H, o-C). 31P{1H} NMR (CD2Cl2, 202.4 MHz): δ = 64.01 (s). 
2.7.3 Synthesis of CdS nanocrystals  
Cd(S2PPh2)2 (15.3 mg; 0.025 mmol) and cadmium tetradecanoate  (99.3 mg; 0.175 
mmol) are added to a three-neck round bottom flask fitted with a septum, distillation head, and 
glass thermocouple probe adapter. 1-Octadecene is added (6.3 mL) and the mixture is degassed 
(<50 mbar) with vigorous stirring for one hour after which the reaction vessel is filled with 
argon. The solution was then heated to 240 °C at an average rate of 40 °C min-1 using a heating 
mantle and temperature controller. Timing began when the mantle was turned on and beginning 
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at t = 6 min, 25 µL aliquots were removed, dissolved in 2.5 mL toluene in air, and UV-vis and 
fluorescence measurements acquired.  At the completion of the reaction (normally 40 min) the 
reaction vessel was cooled to ~100 °C. 
2.7.4 Isolation of CdS nanocrystals 
Upon cooling to 100 °C volatiles were removed by distillation under vacuum (20-50 
mbar). The resultant residue was dissolved in toluene (2 mL), TMEDA (0.5 mL) was added, and 
the suspension centrifuged at 7000 rpm for 10 min. The translucent golden solution was decanted 
and the pellet discarded. Acetonitrile was added until the solution maintained cloudiness upon 
mixing which was followed by an extra ~0.5 mL added, after which the solids were isolated by 
centrifugation. The yellow precipitate was redissolved in toluene and TMEDA and precipitated 
by adding acetonitrile a second time. The resultant yellow precipitate was then dissolved in 
toluene only (without TMEDA) and precipitated with acetonitrile.  This previous step was 
repeated twice more, the resultant pale yellow powder dissolved in pentane, centrifuged a final 
time to remove insoluble material, and the pale yellow solution containing the nanocrystals 
decanted.  
2.7.5 Ligand characterization 
A sample of isolated nanocrystals was dissolved in anhydrous C6D6, to which an excess 
of Me3Si-Cl was added under nitrogen. Upon addition of the Me3Si-Cl the nanocrystals 
precipitated. The sample was allowed to react for at least 15 minutes, after which it was 
characterized by 1H, 13C, and 31P NMR spectroscopies. The trimethylsilyltetradecanoate is 
assigned as follows: 1H NMR (C6D6, 500 MHz): δ = 0.21 (s, -Si(CH3)3), 0.90 (t, 3H, -CH3), 
1.20-1.30 (b, 20H, -CH2), 1.56 (m, 2H, β-CH2), 2.18 (b, 2H, α-CH2). 13C{1H} NMR (CD2Cl2, 
125.7 MHz): δ = 0.11 (s, -Si(CH3)3), 2.12 (s, -Si(CH3)3), 3.12 (s, -Si(CH3)3), 14.40 (s, -CH3), 
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23.15 (s, -CH2), 25.41 (s, -CH2), 29.47 (s, -CH2), 29.51 (s, -CH2), 29.76 (s, -CH2), 29.86 (s, -
CH2), 29.96 (s, -CH2), 30.09 (s, -CH2), 30.15 (b, -CH2), 30.18 (s, -CH2), 32.39 (s, -CH2), 36.08 
(s, α-CH2), 173.65 (s, -C(O)O).  
2.7.6 Kinetics 
The procedure for nanocrystal synthesis described above was carried out at twice the 
scale. Aliquots (250 µL) were taken with a glass microliter syringe at one minute intervals 
starting at t = 5 minutes. A portion of this aliquot (200 µL) was added to an NMR tube 
containing C6D6 (300 µL) and octylamine, (100 µL) and used to monitor the ratio of the 
dithiophosphinate precursor and phosphinate product. No other intermediates were visible in the 
31P NMR spectra. The remainder of the aliquot (50 µL) was added to 2.5 mL toluene for analysis 
with UV-Visible absorbance spectroscopy. The percent conversion was measured by comparing 
the relative integrals of the 31P NMR signals from Cd(O2PPh2)2 and Cd(S2PPh2)2. No mixed 
O/S intermediates are visible. Relative CdS yield was determined by comparing the 
concentration of CdS at each time point with the concentration of CdS at full conversion. The 
concentration of CdS was estimated from the product of the nanocrystal concentration and 
nanocrystal molar volume as determined from the absorbance and wavelength of the lowest 
energy absorption maximum according to Yu et al.61 Estimating the percent yield relative to the 
known endpoint of 100% reduces the impact of systematic error in the extinction coefficient of 
CdS. 
2.7.7 Rebinding Experiments 
In a nitrogen-filled glove box, a 0.05 mM (in nanocrystals) solution of TMEDA-treated 
CdS nanocrystals (see CdS isolation procedure above) in C6D6 (2 mL) was combined with THF 
(5 mL) in a vial charged with a stir bar. Cadmium oleate powder (300 mg; 390 mmol) was added 
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to this solution, which was left to stir for >3 hours. Nanocrystals were isolated using one cycle of 
dissolution in tetrahydrofuran and precipitation with methyl acetate, followed by two cycles of 
dissolution in pentane and precipitation with methyl acetate. The isolated nanocrystals were 
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3.1 Motivation for a Precursor Library 
3.1.1 Motivation 
The tunable electronic properties of nanometer scale crystals have inspired many 
synthetic methods that control crystal size and shape with extraordinary fidelity. Modern metal 
chalcogenide quantum dots, in particular, can be synthesized with a size that varies by less than a 
layer of surface atoms across the distribution, and in various shapes and sizes. However, these 
synthetic advances have largely been achieved by empirical optimization because nanocrystal 
formation is a complex, multistep process that is controlled by many interdependent variables.  
This difficulty is made worse by a limited collection of chalcogen precursors, many of 
which are pyrophoric, toxic, difficult to purify, and either too reactive or too unreactive. The 
most widely used sulfide precursors for nanocrystal synthesis include bis(trimethylsilyl) sulfide 
((TMS)2S), secondary and tertiary phosphine sulfides, and hydrogen sulfide produced by heating 
elemental sulfur in alkane or amine solvents.1 Depending on the conditions of the crystallization, 
a precursor is selected that provides the necessary rate of monomer supply. For example, 
(TMS)2S typically reacts rapidly with metal salts allowing it to be used near room temperature, 
however the rapid reactivity can lead to mixing limitations during the injection step that hinder 
the reaction scale and lead to irreproducibility between reactions. Tertiary phosphine sulfide 
derivatives, on the other hand, typically react sluggishly until ~300 ˚C and produce low reaction 
yields. Tertiary phosphine sulfides are also prone to contamination by secondary phosphines, 
which are much more reactive and similarly results in irreproducibility between reactions. 
Reactions of elemental sulfur with alkanes and amines are more versatile and can be used at 
intermediate temperatures, however their conversion reactions follow ill-defined radical 
pathways that are difficult to control and sensitive to the presence of impurities1. Further, sulfur-
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containing byproducts contribute to batch-to-batch variability and have detrimental effects on 
nanocrystal properties.  
The precursors described above present no clear way of controlling the nanocrystal 
reaction, which has resulted in the widespread use of reaction parameters (e.g. time, temperature, 
concentration, and acid/base additives) to influence nanocrystal properties. Unfortunately it is 
unclear how any of these variables affect the complex reactions that occur during nanocrystal 
synthesis, which is why essentially all reactions to date have been empirically optimized. 
Combined with the issues of currently used precursors, this make poor synthetic reproducibility 
rampant and produces nanocrystals with ill-defined chemical compositions that have caused 
long-standing confusion regarding nanocrystal formation mechanisms and surface coordination 
chemistry. 
Precursors that enable rational control over nanocrystal syntheses would thus be 
immensely valuable to the field, both because they would allow access to materials with 
optimized optoelectronic properties and enable a deeper understanding of crystallization 
mechanisms and nanocrystal structure. In order to understand how this would be accomplished, 
we revisit the LaMer model discussed in the introduction that describes the formation of 
colloidal semiconductor quantum dots by homogeneous nucleation and growth mechanisms. In 
this mechanism nucleation only occurs during a brief period of time when the soluble form of the 
crystal (solute, or monomer; [ME]i) reaches the critical concentration. Modern syntheses achieve 
this condition through the use of molecular precursors that react slowly to produce solute at a 




Fig. 3.1.1 Metal and chalcogen precursors (MX2, ER2) react and supply solute 
([ME]i) to the growth medium at a rate that limits the crystallization. 
 
As discussed in the introduction, Sugimoto’s theory builds on the LaMer model by considering 
the mass balance of solute during the reaction. Sugimoto’s model predicts that number of 
nanocrystals formed during nucleation is related to the solute production rate as 
 ! = !!! !! 
1.3.1 
where ! is the number of stable particles, !! is the supply rate of solute during nucleation (mol 
sec-1), and !! and !! are constants associated with the molar volume of the solid (nm3 mol-1 or 
cm3 mol-1) and the initial particle volume of the stable nuclei (nm3), respectively.2-6 The 
precursor conversion rate therefore plays a critical role in these syntheses by dictating the 
kinetics of solute supply to the crystallization medium, which in turn determines the number of 
crystals formed during nucleation.2,7,8 
 While being able to control the number of nanocrystals is not generally useful, it becomes 
very important if the precursors fully convert to semiconducting material and there are no 
secondary processes affecting the number or size of nanocrystals. This is because at 100% yield 
of semiconductor, the number of nanocrystals is inversely related to the size, which is the most 
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important characteristic to control in these systems, and doing so in full yield is even better. This 
relationship 
 !"#$%& ∝ 1! 
3.1.1 
comes about because the total bulk of semiconducting material can be divided into a “few,” 
larger pieces or many, smaller pieces, and the size of the pieces is determined by the number 
(Scheme 3.1.1 left). If, however, the precursors are not fully converted to semiconducting 
material, or if the pieces (nanocrystals) are not a consistent size, then the relationship between 
size and number breaks down (Scheme 3.1.1 right). 
 
 
Scheme 3.1.1 Cartoon demonstrating the inverse relationship between size and 
number of pieces (nanocrystals) at 100% yield (left), and why this does not hold 
at <100% yield (right). 
 
Based on these results, it is clear that one could regulate the size of nanocrystals, and 
perhaps other properties as well, by controlling the solute supply rate, i.e. the precursor 
conversion rate. Thus, the key to controlling nanocrystal reactions is the ability to tune the 
kinetics of the chemical reaction that occurs between precursor molecules. One of the most 
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straightforward ways to rationally tune the rate of a reaction is by adjusting the structure of the 
reacting molecules, and if therefore the approach taken here. Instead of using one specific 
precursor and adjusting the reaction conditions, a library of precursor molecules will be 
developed that react at different rates under the same conditions, thus enabling rational control 
over the kinetics of precursor conversion (and therefore the number and size of nanocrystals, 
assuming 100% yield) without changing the reaction conditions. 
3.1.3 Prior Attempts at Precursor Libraries 
 The studies demonstrating that Sugimoto’s theory holds for semiconducting nanocrystal 
syntheses, and therefore that a precursor library would be an effective method for controlling the 
reactions were published by multiple groups around 2010.2,9 Inspired by these results, a number 
of groups began to investigate new precursors that would afford improved control over the 
conversion reactivity. The author even submitted a proposal to develop the Cd(S2PPh2)2 
precursor described in chapter two into a library of different precursors by adding substituents to 
the phenyl rings on the diphenylphosphine, however the efforts to synthesize each individual 
molecule of the library would have been too great a barrier to the widespread adoption of the 
library so the idea was abandoned. It turns out this was a valid concern, because the other 
precursor libraries that have been developed have failed to gain traction for this very reason.  
 Vela and coworkers established the most extensive and well-studied precursor library 
prior to the work described herein.10 Their primary library is based on different tertiary 
phosphine chalcogenides, whose conversion kinetics depend on the organic substituents.10,11 
They have also studied a series of dichalcogenides for the same purpose. It is worth noting that 
they developed libraries of both phosphine sulfides and selenides; using precursors from both 
libraries simultaneously thus enables some level of control over the relative rate of sulfur and 
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selenium deposition during the reaction. In this way the authors were able to demonstrate graded 
CdS/CdSe nanorods, with varying aspect ratio and alloying depending on the precursors used. 
However, their control over precursor conversion rate is limited by their limited selection of 
precursors. The relatively small library used for their study is presumably due to the difficulty in 
synthesizing new phosphine chalcogenides: few are commercially available and others require 
involved, multistep syntheses. Due to the difficulty in accessing the library of precursors, and the 
limited demonstration of its utility, no other groups have adopted this method of controlling 
nanocrystal reactions.  
 
3.2 Realization of a Precursor Library: Synthesis of Thioureas and Other Precursors 
3.2.1 Ideal Properties of a Precursor Library 
 Based on the results of the previous section, it is clear that a precursor library must have a 
number of important characteristics for it to be widely useful and encourage its adoption as the 
standard method of controlling nanocrystals over the currently used methods. Foremost among 
these is that it must clearly work as well as other precursors and synthetic methods; it must 
produce high quality, monodisperse samples of nanocrystals. Due to the limited number of 
precursors currently in use, most are used to synthesize multiple materials, and any new class of 
precursors would benefit from a similar flexibility in material class.  
 The other lesson from prior precursor libraries is that the precursors must be easily 
accessible, either commercially or in a very limited number of steps from commercially available 
starting materials. Ideally the precursors are inexpensive as well. While underappreciated, the 
ability to access the precursors in high purity is also essential. 
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 Finally, all precursors benefit from being easy to work with. This incudes being 
reasonable non-toxic, non-volatile (i.e. not smelly), and air stable. Clearly, none of the current 
precursors described above fit this description of an ideal precursor, and in fact some nearly 
represent the opposite of an ideal precursor. 
3.2.2 Synthesis of Thioureas 
 While searching for a new sulfide precursor we came across substituted thioureas as a 
potential option. Thiourea had been previously used as a precursor for metal sulfide nanocrystals, 
generally in aqueous-based reactions, however substituted thioureas had never been explored as 
precursors for nanocrystals. One of the most exciting realizations was how easy it would be to 
synthesize many different structures of substituted thioureas. Multi-gram quantities of air stable 
N,N’-disubstituted and N,N,N’-trisubstituted thioureas can be obtained in quantitative yields via 
a one-step “click” reaction between inexpensive, commercially available substituted 
isothiocyanates and primary or secondary amines (Scheme 3.2.1).  
 
Scheme 3.2.1 Synthesis of substituted thiourea precursors 
 
Based on the number of commercially available starting materials, we estimate that 103-104 
structures can be accessed in a single step. Thus far our research group has synthesized ~100 
different precursor structures, the majority of which were synthesized in this method. Table 3.2.1 
includes a small sample of the full precursor library that are relevant for this discussion.  
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Table 3.2.1 Table of substituted thiourea precursor structures. 
 
In most cases, the electrophilicity of isothiocyanates makes the reaction with amines rapid at 
room temperature, allowing N,N’-diaryl, N,N’-dialkyl, mixed N-alkyl-N’-aryl, and N,N,N’-
trialkylthiourea structures to be prepared (1-11). However, a subset of N-alkyl-N’-aryl-thioureas 
(3a-3f) are best obtained from aryl isothiocyanates and alkylamines rather than the corresponding 
alkyl isothiocyanate, which react too sluggishly with anilines to be practical. 
3.2.3 Extending the Library 
 In addition to the many thousands (or more) N,N’-disubstituted and N,N,N’-trisubstituted 
thioureas available from isothiocyanates as described above, there similar families of molecules 
the would be potentially useful additions to the library of precursor options. As shown in scheme 
3.2.2, the classes of potentially useful compounds identified so far include N,N,N’N,’-
tetrasubstituted thioureas (A), cyclic structures including N,N’-disubstituted imidazolidine-2-
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thiones (B) and N,N’-disubstituted imidazole-2-thiones (C), N,N’,O-trisubstituted 
thiocarbamates (D), and O,O’-disubstituted thiocarbonates (E). 
 
 
Scheme 3.2.2 Classes of compounds that may be useful additions to the precursor 
library. 
 
So far these additions are limited to thiocarbonyl-based compounds, but other sulfur-containing 
compounds may be useful as well. The syntheses of these compounds ranges in difficulty, from 
fairly simple reactions using commercially available N,N’-carbonyldiimidizole, thiophosgene,  
or N,N’-disubstituted thiocarbamoyl chlorides, to highly involved multistep syntheses.12-15 
3.2.4 The Other Precursor: Synthesis and Characterization of Lead Oleate 
While the majority of our efforts have focused on the development of the sulfide 
precursor, in order for the reactions to be reproducible both precursors must be of high purity. 
All of the precursors described above are isolated and their purity is confirmed with 1H NMR. 
However, traditionally metal precursors (especially lead oleate) are made in situ from lead oxide 
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and oleic acid, by heating them under vacuum at high temperature to form the lead oleate and 
remove the water that is formed.16 Unfortunately driving this reaction to completion is difficult 
(normally requiring excess acid) and often results in undesired side products (e.g. lead 
hydroxide). 1,17 Both because the lead oleate is formed in situ and because metal carboxylates are 
polymeric, determining the purity of the metal precursor is exceedingly challenging and often 
skipped entirely.1  
To ensure highly reproducible reactivity, lead oleate was synthesized ex situ, isolated, 
and characterized prior to use. Originally this was done through a adaptation of the method 
traditionally used for cadmium tetradecanoate (see experimental),18 however this method was 
limited by the low solubility of lead nitrate and low yield (typically 25-50%). 
To avoid these problems, significant work went into developing an improved method for 
synthesizing lead oleate, which involved dissolving lead oxide in trifluoroacetic anhydride 
solution and neutralizing the lead trifluoroacetate product with oleic acid and triethylamine.  
 
Scheme 3.2.1 Synthesis of lead oleate from lead trifluoroacetate. 
 
In this way, 100 gram batches of pure, hydroxide-free lead oleate could be prepared in less than a 
liter of total volume. Another advantage of this method is that the reaction can be done under 
acidic conditions until the final precipitation, avoiding formation of lead hydroxide. Furthermore, 
the presence of fluorine enables the use of 19F NMR to quantify the amount of fluorine-
containing impurities in the precursor, which is normally <0.1%. Further characterization 
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included 1H and 13C NMR (see experimental), and FT-IR spectroscopy that shows no lead 
hydroxide or solvent impurities in the isolated lead oleate (see Fig 3.2.1). 
 
 
Fig. 3.2.1 Infrared spectrum of lead oleate from lead trifluoroacetate acquired 
with a liquid cell by dissolving the compounds in tetrachloroethylene. The top 
spectrum shows the FT-IR of lead oleate, with no obvious peaks from water or 




3.3 Synthesis and Characterization of PbS Nanocrystals from a Library of Thioureas 
3.3.1 Synthesis and Characterization of PbS Nanocrystals 
Upon trying to synthesize nanocrystals with substituted thiourea precursors it became 
readily apparent that the structure of the thiourea precursor does in fact affect the rate of reaction. 
The most important aspect of precursor structure influencing the rate is the number of 
substituents; the rate decreases as the number of substituents increases (Scheme 3.3.1). 
Therefore, tetrasubstituted thioureas convert most slowly, followed by trisubstituted, and finally 
disubstituted derivatives are the fastest.  
 
 
Scheme 3.3.1 The number of substituents on a substituted thiourea strongly 
influences the rate of precursor conversion, with fewer substituents resulting in 
faster conversion. 
 
The substitution pattern can thus be used to optimize monomer supply kinetics at the desired 
crystallization temperature. For example, disubstituted thioureas react with lead oleate at 
temperatures ranging from 90 - 150 ˚C at an appropriate rate to synthesize monodisperse lead 
sulfide nanocrystals. Other materials, such as CdS, require higher temperature conditions (150 - 
250 ˚C) where disubstituted thioureas convert at a rate that is limited by mixing during the 
injection. Instead, less reactive N,N,N’-trialkylthioureas or N,N,N’N’-tetramethylthiourea were 
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found to have the appropriate conversion reactivity (see below). Zinc sulfide nanocrystals also 
require high temperatures (≥ 240 ˚C, however the lower reactivity of zinc oleate compared to 
cadmium oleate allows the more reactive disubstituted thioureas to be used, even at the higher 
temperature. In each case, the conversion reactivity could be optimized to induce nucleation 
shortly following injection at the temperature needed to obtain narrow size distributions. 
In order to demonstrate that substituted thioureas work as well as currently used 
precursors, we optimized an inexpensive synthesis of lead sulfide nanocrystals. N,N’-
disubstituted thioureas (1 - 8) react with lead oleate at temperatures at or below 150 ˚C providing 
access to colloidal PbS nanocrystals with linewidths of the 1Se-1Sh absorption that are among the 
narrowest reported, including at sizes relevant for PbS solar cells19,20. The reaction is carried out 
by heating the lead oleate in the reaction solvent (any highly nonpolar organic solvent, e.g. 
hexadecane), followed by the injection of the substituted thiourea precursor dissolved in another 
solvent (e.g. diphenyl ether, diglyme) that has also been heated to the reaction temperature (see 
Scheme 3.3.2 and experimental).  
 
 
Scheme 3.3.2 Reaction of substituted thioureas with lead oleate to form 




The reactions are always run to completion, meaning that PbS nanocrystals are obtained in 
quantitative yield relative to the limiting reactant (the thiourea), as determined by the final 
absorbance at λ = 400 nm where the extinction is proportional to the concentration of lead sulfide 
formula units within nanocrystals.21 Concentrated conditions also proved accessible, allowing up 
to six grams of nanocrystals to be prepared in 150 mL of solvent with a high degree of 
reproducibility.  
The resulting nanocrystals have been characterized with a variety of techniques. 
Transmission electron microscopy shows highly monodisperse samples (see section 3.3.2). As 
expected, powder X-ray diffraction of the PbS nanocrystals matches that of a bulk PbS standard 
(Fig. 3.3.1).   
 
Fig. 3.3.1. Powder X-ray diffraction pattern of PbS nanocrystals. The red curve 
was obtained from PbS nanocrystals isolated from a reaction under conditions 
similar to those described for the large-scale synthesis of 6.5 nm PbS 
nanocrystals, but the scale was doubled and diphenyl ether was used as the 
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injection solvent rather than diglyme. An exponential baseline correction was 
applied to the data to remove signal from scattering. The PbS standard was 
obtained from the International Crystallographic Structure Database (ICSD) as 
coll. code 38293.  
 
The photoluminescence of the nanocrystals was also measured as well; a set of 
photoluminescence spectra is shown in Fig. 3.3.2. The was measured relative to LDS925 (Styryl 
13) dye (assumed PLQY = 0.018), however the quantum yield of infrared dyes as standards is 
notoriously difficult to measure correctly.22 This resulted in measured photoluminescence 
quantum yields ranging from 3.3% to 16.1%, with most samples showing a quantum yield ~10%.  
 
Fig. 3.3.2 Photoluminescence spectra of PbS nanocrystals, measured using 
excitation from a 6-picosecond supercontinuum laser. After spectral filtering, the 
excitation light (590 ± 10 nm, <25 nJ cm-2 per pulse) was focused onto a dilute 
solution of nanocrystals. The emission was collected using reflective optics, 
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dispersed by a 1/3-meter spectrometer, and detected with an InGaAs photodiode 
and lock-in amplifier. The grating angle was scanned to acquire spectra. All yields 
and spectra were corrected for grating and detector efficiency, and the 
measurements were conducted under inert atmosphere with weak excitation and 
stirring to prevent experimental artifacts due to oxidation, multiple excitation, and 
photocharging. 
 
We were also interested in whether PbS samples were prone to Ostwald ripening, a 
process in which smaller nanocrystals dissolve at the expense of larger ones growing, resulting in 
a red-shift and broadening of the lowest electron transition. Aliquots were removed from a PbS 
sample that was left at the reaction conditions (high temperature under argon) after it had 
reached completion (see Fig 3.3.3). The aliquots show no change, and therefore no Ostwald 
ripening, for the first three hours following the initiation of the reaction (which finishes in ~20 
minutes), and after four hours only a slight change can be observed. Even after twenty hours the 
amount of broadening is negligible, demonstrating that Ostwald ripening is a slow process under 
these conditions. However, the PbS nanocrystals used for this experiment had a diameter of ~5.2 
nm, which is on the larger side; it is possible that smaller nanocrystals that have a 





Fig 3.3.3 Following the same procedure described for the synthesis of PbS 
nanocrystals for absorbance and photoluminescence spectroscopies, N-phenyl-N’-
n-dodecylthiourea was injected into the lead oleate solution at 120 °C. Aliquots 
(125 µL) were removed at 20 minutes, 1 hour, 2 hours, 3 hours, 4 hours, and 20 
hours after injection and dissolved in tetrachloroethylene (2.35 mL) for absorption 
spectroscopy. 
 
To demonstrate the reproducibility of the synthetic method a set of reactions were 
repeated three times each under slightly varying conditions. The left panel of figure 3.3.4 shows 
the results of nine syntheses conducted using N,N’-diphenylthiourea (2) and six syntheses 
conducted using N-dodecyl-N’-phenylthiourea (3d) that produce between 0.2 - 6 grams of 
nanocrystals. Within one set of conditions a final size and size distribution are reliably obtained 
(Fig. 3.3.4). Moreover, little change in the final size and size distribution is observed as the scale, 
concentration, and stoichiometry are varied (10-150 mL, 25-100 mM, 1.2:1-3:1 Pb:S) (Fig. 
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3.3.4). The reproducibility and monodispersity are unusual given the high nanocrystal 
concentrations (up to 0.12 mM), illustrating the reliability and homogeneity provided by well-
defined lead and thiourea precursors. 
 
 
Fig. 3.3.4 (Left) Results of a reproducibility study showing the nanocrystal 
diameter and relative size distribution of three reactions for two different 
precursors (2, 3d). Each dot represents data from an absorbance spectrum 
obtained from an independent reaction. Reactions were run as described for large-
scale synthesis of 3.4 nm PbS nanocrystals with N,N’-diphenylthiourea (2) and 
for large-scale synthesis of 6.5 nm PbS nanocrystals with N-phenyl-N’-n-
dodecylthiourea (3d), with the following adjustments: A:  ran as described for 3.4 
nm PbS nanocrystals; B: 1/15 scale and thiourea concentration reduced by half 
resulting in 75 mM Pb(oleate)2 and 25 mM 3d; C: 1/15 scale; D: 1/15 scale; E: 
ran as described for 6.5 nm PbS nanocrystals. (Right) Example spectra that were 
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analyzed to make the plot on the left, showing the small deviations between 
repetitions. 
 
3.3.2 Using a Precursor Library to Control Nanocrystal Size via Kinetics 
As described earlier, in addition to matching the demands of the crystallization and co-
reactants, tunable monomer supply can control the number of nanocrystals and thereby define a 
desired size after 100% yield is reached. To determine the relationship between precursor 
structure, conversion reactivity, and the final nanocrystal size, the kinetics of lead sulfide 
formation were monitored in situ by tracking the absorbance at λ = 400 nm and found to 
approach 100% yield within a few minutes in most cases (Fig 3.3.5).  
 
 
Fig. 3.3.5 Kinetics of lead sulfide formation measured in situ by following the 
absorbance at λ = 400 nm. 
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Based on these results we found that the thiourea conversion reactivity depends on the their 
electronic and steric properties of the substituents in addition to the number of substituents. As 
hoped, the different precursor conversion rates resulted in nanocrystals of different sizes at the 
conclusion of the reaction, with faster conversions leading to more, small nanocrystals. This can 
be seen both in the UV-Vis-NIR absorbance spectra (Fig. 3.3.6) and the transmission electron 
micrographs (Fig. 3.3.7). By varying the structure of the precursor we are able to synthesize 
nanocrystals with diameters from 2.5 - 7.2 nm ((λ max(1Se-1Sh) = 850 - 1800 nm, FWHM = 30 - 
160 meV) (Fig. 3.3.2). This range has not been extended to its limits, either, as we expect both 
smaller and larger nanocrystals can be synthesized in this way.  
 
 
Fig. 3.3.6 UV-Vis-NIR absorption spectra of PbS nanocrystals synthesized under 
identical reaction conditions using substituted thioureas: 1, 2 (95 ºC); 3b, c, d, f 




Fig. 3.3.7 Transmission electron micrographs of PbS nanocrystals synthesized 
under identical reaction conditions (see experimental for kinetics experiments), 
with the exception of varying the precursor structure (3a, 3d, and 3f). 
 
In order to quantify the relationship between precursor conversion and number of 
nanocrystals and their size, the formation kinetics were approximated by a single exponential 
process (Fig. 3.3.8), from which, rate constants (kobs(1-8) (sec-1)) can be extracted.  
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Fig. 3.3.8 Example single-exponential fits to kinetics data. The reactions were run 
as described for kinetics experiments with N-phenyl-N’-n-dodecylthiourea (3d) 
(left) and N-(p-methoxyphenyl)-N’-n-dodecylthiourea (3f) (right). The upper 
plots show the formation of PbS as a function of time, fit with a single 
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exponential function in red. The lower plots show the same data plotted against 
ln([PbS]), the linearity of which supports the use of a single exponential to model 
the data. 
 
By normalizing kobs(1-8) to the rate constant of the slowest precursor kobs(8), relative first order 
rates constants (krel(1-8)) are determined across a range of temperatures (90 - 150 ˚C) allowing 
the reactivity to be quantitatively compared over more than three orders of magnitude (Table 
3.3.1).  
 
Table 3.3.1 Top: Schematic of PbS formation reaction used to measure 
conversion kinetics at 90 - 150 ºC. Bottom: Effect of thiourea substitution pattern 
on the relative thiourea conversion rate constants (krel(1-8), e.g. krel(7) = k(7) 
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/k(8)). The wide range of reactivity requires that kinetics are measured at multiple 
temperatures. To account for the temperature dependence of the conversion rate 
constant, 3b and 3f were measured at two temperatures, and the change in rate 
constant used to normalize the relative rate constants of the respective 
temperatures (e.g. krel(3b) = (k(3b)120˚C/k(8)150˚C))×(k(3f)150˚C/k(3f)120˚C).  
 
These measurements show a well-defined dependence of the conversion reactivity on the 
thiourea structure that is defined by the substituents. First, the steric bulk of the substituents 
affects the precursor conversion rate, with precursors containing bulkier substituents reacting 
faster than the less sterically encumbered precursors. This is best exemplified in the series of 
precursors containing a n-hexyl, isopropyl, or t-butyl group, with the relative rates increasing 
from 1, to 2.6, to 19, respectively. 
Even more important than the sterics of the precursor, however, is the electronic 
character of the molecule. Within the disubstituted thiourea derivatives, the conversion rate 
constants decrease over three orders of magnitude upon replacing electron withdrawing aryl 
substituents with alkyl substituents. Thus, N,N’-diarylthioureas such as N-(3,5,-bis-
trifluoromethylphenyl)-N’-phenylthiourea (1) convert most rapidly while N,N’-di-n-
alkylthioureas (8) react 4000-fold more slowly. Similar reactivity trends were found with 
cadmium oleate (see below). 
To quantify the relationship between precursor conversion rate and nanocrystal 
concentration, the final nanocrystal concentration obtained from reactions run with precursors 
3a-3f are plotted versus kobs in Fig. 3.3.5. We observe that an eight-fold increase in the 
conversion rate leads to a four-fold increase in the nanocrystal concentration. It is clear from this 
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data that the finely tuned monomer supply kinetics controls the extent of nucleation, as the rate 
of Ostwald ripening is negligibly slow under these conditions (see section 3.3.1). 
 
Fig. 3.3.9 Increasing thiourea conversion reactivity produces a higher nanocrystal 
concentration and smaller final nanocrystal diameter. Nanocrystal concentration 
and final diameter are plotted versus the rate constant of lead sulfide formation 
(kobs) for 3a-3f ([nanocrystal]t ∝ [PbS]t/(rt3)). 
 
Previous experimental and theoretical work on cadmium selenide and silver halides report a 
similar correlation between the concentration of nanocrystals (n) and the precursor conversion 
rate (Q0) during nucleation,2-5,23 where  
 ! = !!! !! 
3.3.1 
However, unlike the predicted linear relationship between the precursor conversion rate and the 
nanocrystal concentration given by equation 3.3.1, we observed a sublinear relationship, which 
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will be explored more in chapter 4 of this work. Nonetheless, the smooth correlation between 
precursor conversion rate and nanocrystal concentration can be used to predictably obtain a 
desired nanocrystal size. 
3.3.4 Insight into the Reaction Mechanism 
Mixed N-alkyl-N’-aryl disubstituted thioureas showed intermediate reactivity toward lead 
oleate that can be finely adjusted by appending electron withdrawing or donating substituents on 
the aromatic ring. The conversion rate constants of para-substituted N-p-X-phenyl-N’-n-
dodecylthioureas (3a-3f) increase by a factor of 20 as the para-substituent becomes increasingly 
electron withdrawing. A Hammett plot comparing the logarithms of the observed first order rate 
constants with the Hammett sigma parameter of the para-substituent is shown in Figure 3.3.10.24  
 
 
Fig. 3.3.10 Hammett plot illustrating the well-defined relationship between the 
electronic structure of the thiourea and the rate of lead sulfide formation. 
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A linear relationship is observed, demonstrating the well-behaved dependence of conversion 
kinetics on the thiourea acidity. Not only does this enable the prediction of conversion rates for 
N-p-X-phenyl-N’-n-dodecylthioureas, but it implies the reaction mechanism is relevant for all of 
these precursors and provides some insight into that mechanism. 
The large positive slope (! = 1.3) indicates a buildup of negative charge during the 
conversion reaction. This could be explained by rate-limiting deprotonation of the thiourea or 
nucleophilic attack on the thiocarbonyl carbon. Conversion of 3d is faster in the presence of tri-
n-butylamine and slower when oleic acid is present, both of which suggest that deprotonation of 
the thiourea precedes the formation of lead sulfide. Deprotonation of thiourea in water is known 
to speed its hydrolysis to cyanamide.25 Increasing steric bulk of the thiourea substituents also 
speeds the rate of conversion (5-8); the increased bulk may accelerate elimination of lead sulfide 
from an intermediate lead thioureate complex formed by deprotonation of a lead-bound thiourea. 
Although detailed work is required to determine the precise conversion mechanism, these 
observations highlight the importance of the microscopic steps leading to the rate determining 
precursor conversion step, which vary depending on the surfactants used as well as the nature of 
the metal co-reactant. 
As done in the previous chapter, identifying the organic co-products of the reaction also 
provides insight into the reaction mechanism. Based on prior literature, we believed two sets of 
co-products were likely (Scheme 3.3.3). One of the most common sets of co-products in 
nanocrystal reactions using metal carboxylates is the corresponding anhydride along with the 
oxygenated chalcogen precursor, which in this case would be a substituted urea. 15,26 Another 
option for the co-products was inspired by a reaction remarkably similar to the one reported here: 
substituted thioureas reacting with lead acetate, but instead of being motivated by the formation 
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of PbS the authors used the reaction to form the N-acylated urea, along with an equivalent of 
acid.27 It is worth noting that for asymmetric substituted thioureas there are two possible N-
acylated urea co-products depending on which side of the molecule is acylated, although the 
amine with the lower pKa is generally favored for acylation.27  
 
Scheme 3.3.3 Hypothesized sets of reaction co-products: substituted urea and 
anhydride (top) and N-acylated urea and acid (bottom). 
 
Using 1H NMR, 13C NMR, and mass spectroscopies to study the crude reaction mixtures, my 
colleagues G. Cleveland and S. Hong were able to positively identify all four co-products in 
various reaction mixtures. It appears that usually one set of co-products or the other is favored 
for any specific set of reaction conditions, and the identities of the metal and thiourea precursors, 
reaction temperature, and solvent all influence which set is favored, however in some cases 
evidence for both sets of precursors was observed. The two sets of co-products shown in scheme 
3.3.3 can also interconvert, meaning there could be an equilibrium between sets. Further 
complicating the reaction, N-acylated ureas are known to decompose under some conditions, 
often into the corresponding isocyanate and amide.28 
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Based on this result and work by others,27,28 we propose that the reaction goes through an 
O-isourea intermediate, which can then either react with the excess equivalent of acid to generate 
the urea and anhydride, or isomerize to form the N-acylated urea (Scheme 3.3.4). In forming the 
O-isourea intermediate, the thiourea could go through a carbodiimide intermediate, or it could 
react with the metal carboxylate in a concerted fashion to form the O-isourea directly. However, 
this is only a hypothesis at this point, as we do not have strong experimental evidence to support 
the existence of either a carbodiimide or O-isourea intermediate.  
 
 
Scheme 3.3.4 Proposed reaction outline, involving the release of PbS in a first step that forma an 
intermediate O-isourea, before going on to form one (or both) sets of the reaction co-products.  
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With the co-products identified, we sought to follow the chemical reaction by NMR, similar to 
what was done in chapter two, to verify that the rate of precursor conversion corresponds to the 
rate of PbS formation discussed above. However, this turned out to be exceedingly challenging 
due to the similarities between the starting materials and co-products in the NMR and the 
difficulty in quantifying integrals of quaternary carbons in 13C NMR. However, we eventually 
found a way to distinguish the signals of the precursors and co-products in the NMR by 
synthesizing a N,N’-bis(trifluoroethyl) thiourea, which enabled the use of 19F NMR. Shown in 
Scheme 3.3.5 is the structure of the N,N’-bis(trifluoroethyl) thiourea and the associated co-




Scheme 3.3.5 Structure and proposed co-products for N,N’-bis(trifluoroethyl) 
thiourea, used to monitor the precursor conversion rate using 19F NMR. 
 
By removing aliquots during the course of the reaction and adding an NMR solvent and internal 
standard, the concentrations of all of the fluorine-containing species in solution could be 
monitored, as shown in Fig. 3.3.11. 
 
Fig 3.3.11 19F NMR spectra of example aliquots removed from a PbS reaction, 
showing the disappearance of the thiourea precursor (-71 ppm) and emergence of 
two large and four small peaks associated with co-product formation. Each co-
product peak is labeled 1-6. 
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Fig. 3.3.12 (Left) Summary of the observed kinetics from the NMR experiment 
shown in Fig. 3.3.11, and (right) rate of PbS formation based on the absorbance at 
400 nm measured in situ. Co-product peaks 4-6 are not shown because they 
integrate to <5% of the total fluorine at the conclusion of the reaction. 
 
The kinetic data extracted from the NMR, shown in Fig. 3.3.12, clearly indicates that there are 
two distinct fluorine environments in the primary co-product(s) and that the two environments 
form at the same rate and concentration over the course of the reaction. Based on the proposed 
co-products in Scheme 3.3.5, the urea/anhydride set should only have one equivalent fluorine 
environment, while the N-acylation of the urea creates an asymmetric molecule with two distinct 
fluorine environments that should always correspond in concentration. Thus it appears that the 
N-acylated urea and acid are the primary co-products of this synthesis, however the other four 
peaks should not be ignored. The urea could be one of these peaks, and the decomposition 
products of the N-acylated urea could account for some of the others, but four peaks is more than 
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expected and suggests that even more chemistry than proposed here could be occurring, although 
in low concentration. However, this experiment should be repeated because the sum of all of the 
integrals is not consistent throughout the course of the reaction, suggesting that there is an issue 
with the integration or internal standard.  
 
3.4 Other Metal Sulfide Nanocrystals from the Thiourea Library 
3.4.1 Synthesis of CdS from Thioureas 
 As mentioned previously, the synthesis of CdS requires higher temperature conditions 
than were used in the previous section for PbS, and at these high temperatures disubstituted 
thioureas convert at a rate that is limited by mixing during the injection. Instead, less reactive 
N,N,N’-trialkylthioureas or N,N,N’N’-tetramethylthiourea were found to have the appropriate 
conversion reactivity to induce nucleation shortly following injection at the temperature needed 
to obtain narrow size distributions. For example, one successful method for synthesizing 
cadmium sulfide involved the reaction between N-n-hexyl-N’,N’-di-n-butylthiourea (9) and 
cadmium tetradecanoate, initially at a temperature of 160 °C and then at 200 °C for a total 
reaction time of five hours. UV-Vis absorbance and photoluminescence spectra of CdS 
nanocrystals obtained from this method are shown in Fig 3.4.1, showing the narrow linewidth 
and distinct higher energy transitions. Other methods for synthesizing CdS from substituted 
thioureas have also been developed to reduce the reaction time by using different precursors at 




Fig. 3.4.1 UV-Visible absorption (solid line) and photoluminescence (dashed line) 
from cadmium sulfide nanocrystals synthesized as described in the experimental. 
 
3.4.2 Size/Rate Relationship for CdS 
In order to demonstrate that controlling the size of nanocrystals by tuning the rate of 
precursor conversion using a precursor library is a general method, we ran a similar set of 
kinetics experiments to those described above for PbS with CdS. Cadmium oleate was used in 
the place of lead oleate and all of the reactions were run at 150 °C. Because of the larger band 
gap of CdS compared to PbS, we decided to monitor the reactions at 300 nm rather than 400 nm 
to avoid size-dependent changes to the extinction coefficient. Also, due to the extreme range in 
reactivity studied, two methods had to be employed: faster reactions were monitored in situ as 
described for PbS, while slow reactions were monitored by removing and measuring aliquots. 
The reactivity trend is the same as was observed for reaction of these compounds with 
lead oleate: the observed rate of CdS formation (kobs), which we assume matches the precursor 
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conversion rate, slows as the number of substituents increases from disubstituted thioureas to tri-
substituted thioureas and as the substituents change from aryl to alkyl (Fig. 3.4.2). However, the 
nanocrystal number and size have a weaker dependence on conversion rate for CdS, therefore 
requiring larger changes in rate to span a similar range of size. Diphenyl thiourea (2) converts at 
a rate that is near the limit of mixing kinetics under these conditions, so the measured rate is 
likely an underestimate. Tetramethylthiourea (12) was also tested and found to react most 
slowly. As expected, the nanocrystals were larger, however, the conversion rate required 
extremely long reaction times at 150˚C and eventually produced an insoluble precipitate. As a 
result it was omitted from the plot above. 
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Fig. 3.4.2 CdS nanocrystal number and size as a function of rate: final nanocrystal 
concentration and diameter are plotted versus kobs (top) and log(kobs) (bottom) for 
a variety of  substituted thiourea precursors: N,N’-diphenylthiourea (2), N-
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phenyl-N’-n-dodecylthiorea (3d), N-n-hexyl-N’-n-dodecylthiourea (8), and N-
phenyl-N’-di-n-butylthiourea (11).  
 
3.4.3 Control of CdS Rod Aspect Ratio Using Precursor Conversion Kinetics 
 The currently accepted model for the growth of semiconducting nanorods is that the 
initial reaction works the same as that described in the introduction for isotropic nanocrystals, 
going through a similar nucleation event. However, the presence of specific ligands (e.g. short-
chain phosphonic acids) that bind preferentially to some facets of the growing nanocrystals 
encourages faster growth on the other facets, thereby resulting in anisotropic structures.29 We 
theorized that by controlling the number of nuclei formed in the reaction by adjusting the 
precursor conversion rate, we would be able to change the amount of material available for 
growth per nanocrystal and thus tune the aspect ratio. For example, a slower precursor 
conversion would result in fewer nuclei, and thus there would be more material available for 
growth resulting in larger, but also more elongated, rods. As I. Jen-La Plante demonstrated in 
Fig. 3.4.3, thioureas of decreasing reactivity (3f, 9, and 12) do in fact lead to a systematic 
increase in the volume and rod aspect ratio.29 This is an important result as it provides a new 
avenue of shape control for nanostructures.  
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Fig. 3.4.3 Transmission electron micrographs of CdS nanorods synthesized with 6 
mol% hexylphosphonic acid and thiourea (A) 12, (B) 9, and (C) 3f as described in 
the experimental. Samples were prepared without any intentional size selective 
precipitation. (D) Average nanorod dimensions for samples synthesized with the 
three precursors at both hexylphosphonic acid concentrations. The values are 
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calculated by measuring the images of at least 200 nanorods in each sample. Error 
bars represent one standard deviation.  
 
3.4.4 CuS and NiS from Thioureas 
 The synthesis of various transition metal sulfides is of interest due to their use in a variety 
of applications. For example, copper sulfide (Cu2-xS) forms plasmonic nanocrystals and nickel 
sulfide (NiS) can be used as a catalyst. We developed, but did not optimize, syntheses of both 
materials from thiourea precursors and showed that the size changes with precursor structure in 
the same fashion as with CdS and PbS. However, we did not measure the kinetics of the 
reactions, nor has the validity of Sugimoto’s theory even been confirmed for these materials, so 
we cannot say that the same mechanism is at play in these reactions. Nonetheless, the fact that 
the trend is maintained is suggestive that somehow the precursor conversion rate is affecting the 
final crystal size.  
 In brief, the copper sulfide platelets were synthesized from copper (II) acetylacetonate 
and a variety of di-, tri-, and tetra-substituted thioureas at 160 °C in oleylamine and 1-
octadecene. The nanoplatelets are remarkably monodisperse for an unoptimizied reaction and 
ranged in diameter from 5 to 25 nm depending on the precursor used (see Fig. 3.4.4). Nickel 
sulfide nanocrystals were prepared from nickel (II) stearate and a variety of di- and tri-
substituted thioureas at 200 °C in oleyamine. Unlike the copper sulfide nanoplatelets, however, 
the nickel sulfide nanocrystals are polydisperse and randomly shaped, which again presents 
questions about the mechanism under which the precursor structure is affecting the final size 
(Fig. 3.4.5). Both types of nanocrystals were characterized by TEM and powder X-ray 
diffraction (Figures 3.4.4 and 3.4.5). 
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Fig. 3.4.4 Transmission electron micrographs of Cu2-xS nanocrystals synthesized 
with (A) N-N’-diphenylthiourea (2), (B) N-phenyl-N’-n-dodecylthiourea (3d), (C) 
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N-n-hexyl-N’-N’-di-n-butylthiourea (9), and (D) N-N-N’-N’-tetramethylthiourea 
(12). A histogram of the platelet diameters (ignoring the platelet depth, e.g. the 
short lengths in (B)) is shown in (E), clearly demonstrating a systematic variation 
in size. (F) X-ray powder diffraction data from Cu2-xS nanocrystals synthesized 
from 2. The Cu1.8S standard was obtained from the International Crystallographic 
Structure Database (ICSD) as coll. code 159436. An exponential baseline 
correction was applied to the data to remove signal from scattering. 
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Fig. 3.4.5 Transmission electron micrographs of NiS nanocrystals synthesized 
with (A) N-N’-diphenylthiourea (2), (B) N-phenyl-N’-n-dodecylthiourea (3d), 
and (C) N-n-hexyl-N’-N’-di-n-butylthiourea (9). (D) X-ray powder diffraction 
data nickel sulfide nanocrystals synthesized from 2. The standards were obtained 
from the International Crystallographic Structure Database (ICSD) as coll. codes 
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27521 and 68169. An exponential baseline correction was applied to the data to 
remove signal from scattering. 
 
3.4.5 Other Materials and Structures from Thioureas 
 In an effort to further broaden the scope of materials and structure potentially synthesized 
from substituted thioureas, my colleagues (M. Campos, G. Cleveland, and I. Jen-La Plante) 
established a range of unoptimized syntheses. 
 Monodisperse zinc sulfide nanocrystals were prepared from zinc oleate and either a di- or 
tri-substituted thiourea in 1-octadecene at 240 °C. As expected, the faster di-substituted 
precursors resulted in smaller (1.8 nm diameter), quantum confined ZnS nanocrystals, while the 
slower tri-substituted precursors produced larger  (2.5 nm diameter) crystals that were not 
strongly confined (i.e. there was no distinct peak for the lowest energy electronic transition). The 
ZnS nanocrystals were characterized by TEM and powder X-ray diffraction.  
 With the ability to produce both cadmium and zinc sulfide from substituted thioureas, it 
was obvious to try to use it to shell a smaller band gap semiconductor to form a core/shell 
heterostructure. The most common core/shell system is CdSe/CdS/ZnS core/shell/shell systems, 
which are utilized in applications where bright crystals are needed, such as displays. We 
therefore adapted a literature procedure for making core/shell systems using the successive ion 
layer adsorption and reaction (SILAR) method, in which each precursor is added sequentially 
and given time to reaction before the next is added.30 Starting with CdSe core synthesized 
following the literature,31 we simply replaced the original sulfur precursor with N-n-hexyl-
N’,N’-di-n-octylthiourea (10) and reduced the concentration due to the improved conversion of 
the thiourea compared with the original precursor. Following the rest of the procedure exactly, 
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the quantum yield of the nanocrystals increased from 30% for the unshelled cores to 55% when 
shelled with CdS and ZnS, comparable to the originally reported results. 
 We also prepared CuZnSnS4, a complex compound semiconductor of interest for its 
potential use in solar energy applications. The synthesis of CuZnSnS4 was again accomplished 
through the adaptation of a published procedure,32 this time by substituting N,N’-
diphenylthiourea (2) for carbon disulfide and tetramethylthiourea (12) for dodecanethiol. The 
resulting nanocrystals were polydisperse, although there are no good examples of monodisperse 
CuZnSnS4 nanocrystals. Powder X-ray diffraction and Raman spectroscopy were used to 
confirm the kesterite phase of CuZnSnS4 and rule out the presence of impurity phases. 
 Finally, we adapted a synthesis for tin sulfide nanosheets from a previously published 
procedure to further demonstrate the utility of thioureas in making anisotropic structures.33 The 
SnS sheets, which were hundreds of nanometers in in the x and y plane but only a few 
nanometers thick, were characterized by TEM and powder X-ray diffraction. 
 
3.5 Other Advantages of Precursor Libraries 
3.5.1 Set Final Reaction Conditions at Onset 
Controlling the final size with the precursor reaction rate rather than modifying the 
crystallization medium (e.g. reaction temperature, solvent, and surfactant concentration), or 
limiting the conversion, greatly simplifies the nanocrystal composition because both the starting 
materials as well as the reaction byproducts can bind the nanocrystals.17,20 While the thiourea 
conversion byproducts were not found to bind the nanocrystals in this case (Fig. 3.5.1), cadmium 
and lead oleate precursors are known to reversibly bind and passivate nanocrystal surfaces and 
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their coverage may depend on the concentration of these complexes remaining after 
conversion.34 
Tuning size with precursor reactivity and running reactions to full conversion allows the 
final ratio of lead sulfide product and unconverted lead oleate to be determined by the amounts 
of reactants used. This advance enables a standard purification procedure to be optimized to 
reproducibly control the final oleate ligand shell and nanocrystal stoichiometry. For example, 
nanocrystals with a 3.4 nm diameter were synthesized on a three gram scale from a 1.5:1 lead 
oleate to 2 mixture and isolated with 5.7 oleates per square nanometer of surface area, from 
which we estimate a Pb:S ratio of 1.26. Larger nanocrystals (6.5 nm) with a lower surface area to 
volume ratio were synthesized on a six gram scale with a lower lead oleate to 3d ratio (1.2:1) and 
isolated with 2.9 oleates nm-2, from which we estimate a Pb:S ratio of 1.07 (Fig. S18). In both 
cases the purification is greatly simplified compared to methods where the conversion is limited. 
Rather than removing a large excess of unreacted metal precursor, a process that is complicated 
by the polymeric structures and low solubilities of zinc, cadmium, and lead carboxylates, 
phosphonates, and halides, a desired amount of remaining metal precursor can be chosen by the 
starting metal to sulfur ratio. Thus, obtaining a desired size at complete conversion is an 
important step toward reproducibly defining the surface structure and optoelectronic properties at 
large reaction scales. 
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Fig. 3.5.1 1H nuclear magnetic resonance spectrum of isolated PbS nanocrystals. 
The lead sulfide nanocrystals were isolated from a large-scale reaction. The broad 
peak at 5.65 ppm indicates surface-bound lead oleate complexes. 
 
3.5.2 Using Lower-Boiling Solvents for Easier Removal 
By utilizing preformed lead oleate, the reaction solvent can be better matched with the 
reaction temperature rather than always using a high-boiling solvent due to the high temperatures 
involved in the in situ preparation of lead oleate. For example, PbS reactions that are often run at 
or below 120 ºC can be conducted in low-boiling solvents like 1-octene that are conveniently 
distilled under vacuum following completion of the synthesis. This reduces the volume of 




















Controlling the size of colloidal nanocrystals is essential to optimize their performance in 
optoelectronic devices, catalysis, and imaging applications. Traditional synthetic methods control 
size by terminating the growth, an approach that limits the reaction yield and causes batch-to-
batch variability. Herein we report a library of thioureas whose substitution pattern tunes their 
conversion reactivity over more than five orders of magnitude and demonstrate that the faster 
thiourea conversion kinetics increases the extent of crystal nucleation. Tunable kinetics thereby 
allow the nanocrystal concentration to be adjusted and a desired crystal size to be prepared at full 
conversion. Controlled precursor reactivity and quantitative conversion improve the batch-to-
batch consistency of the final nanocrystal size at industrially relevant reaction scales. 
We report a library of inexpensive and air-stable substituted thioureas whose conversion 
reactivity can be finely tuned over many orders of magnitude by adjusting the organic 
substituents (Fig. 2). The widely tunable reactivity allows an optimum chalcogen precursor to be 
matched with the reactivity of a metal complex at a desired reaction temperature. By controlling 
the monomer supply kinetics we adjust the extent of nucleation in syntheses of lead sulfide, 
cadmium sulfide, zinc sulfide, and copper sulfide nanocrystals and reliably prepare a desired size 
with a narrow size distribution and in quantitative yield. 
3.6.2 Outlook for Precursor Libraries 
Tailoring precursor reactivity will greatly advance our ability to rationally design high 
performance materials and to relate atomic structure to nanocrystal function. In particular, highly 
reproducible syntheses of PbS nanocrystals with narrow size distributions and well-defined 
surface chemistry can advance the systematic development of solution processed nanocrystal 
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photovoltaics. Tunable sulfide precursors will also advance the synthesis of complex metal 
chalcogenide alloys and heterostructures used in solid-state lighting and luminescent displays. 
More broadly, these results highlight the value of rationally controlling the nanocrystal synthesis 
mechanism to obtain a desired nanocrystal product in high yields and with a high degree of 
batch-to-batch consistency. 
3.6.3 Layman’s Summary 
The most useful aspect of semiconducting nanocrystals is that the color of light that they 
absorb and/or emit is dictated by the size of the crystal, which makes controlling the size of the 
crystals key to their utility. Unfortunately, even though scientists have developed ways to make 
exceptionally nice samples of nanocrystals, the reactions are not very adaptable: it usually takes 
trial and error to obtain a desired size of nanocrystal. This is because the reactions are generally 
controlled by changing a reaction condition (for example, temperature, concentration, or adding 
something), but because these reactions are not well understood it is near impossible to predict 
how changing the reaction condition will influence the final nanocrystals. Our solution to this 
problem is to take advantage of a relatively recent discovery about how these reactions work: the 
rate that the precursors react at dictates the number (and under the right conditions, the size) of 
the nanocrystals. In order to do this we needed to control the rate of the precursor reaction 
without changing the reaction conditions, which we accomplished by developing a precursor 
library (a lot of different precursors with similar, but different structures). The structure of the 
precursor influences its reactivity, so each precursor will react at a different rate and thus 
produce a different number and size of nanocrystal.  
Imagine baking a batch of brownies, and wanting to control the properties of those 
brownies. If you want a moister brownie, you could try cooking them for less time, but the crust 
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would be different. Similarly, you could turn down the oven temperature, but not only will this 
change the crust, you will also have to guess how long to cook them. You could try changing the 
recipe, but it is hard to predict how the brownies will be affected and the best way to cook the 
new recipe. If, however, you had one ingredient that you could systematically vary, such as the 
amount of fat in dairy by adjusting the milk to cream ratio, you could easily change the 
moistness of the brownies without changing any other conditions; this mimics our approach to 
controlling nanocrystal reactions. 
The key to our success was to find a really easy way to make the precursor library, which 
we did by building the precursors through a reaction that is as easy as mixing two chemicals in a 
1:1 ratio; upon mixing they click together to form the precursor, and by buying different 
structures of the two chemicals there are thousands of different possible structures of the 
precursor. We showed that this method of controlling nanocrystal reactions works: we can 
predict the rate of the reaction from the structure of the precursor (both qualitatively and 
quantitatively), and can correlate the rate with the size/number of the nanocrystals, so for the first 
time we have a rational way to predict the outcome of a nanocrystal reaction based on the initial 
conditions.  
Thanks to the large range of reactivity of our precursor library, they are highly adaptable, 
and we were able to synthesize a wide range of sulfur-containing nanocrystal materials that 






3.7 Experimental Details 
3.7.1 Materials and Methods 
All manipulations were performed in air unless otherwise indicated. Toluene (99.5%), 
tetrachloroethylene (99%), methyl acetate (99%), hexanes (98.5%), methanol (99.8%), ethanol 
(≥99.8%), dichloromethane (≥99.5%), chloroform (≥99.8%), acetone (≥99.8%), acetonitrile 
(99.5%), diphenyl ether (99%), 1-octadecene (90%), tetraethylene glycol dimethyl ether 
(“tetraglyme” ≥99%), isopropanol (≥99.7%), triethylamine (≥99%), tributylamine (≥99.5%), 
trifluoroacetic acid (99%), trifluoroacetic anhydride (≥99%), cadmium nitrate tetrahydrate 
(98%), zinc acetate dihydrate (≥99.0%), zinc nitrate hexahydrate (98%), copper iodide 
(99.999%), tin(IV) chloride pentahydrate (98%), tin(II) chloride (98%) zinc chloride (99.99%), 
hexyl phosphonic acid (95%), tetramethylthiourea (98%) (12), hexamethyldisilazane (99.9%), 
myristic (tetradecanoic) acid (≥99%), sodium hydroxide (97%, 98%), selenium (pellets, < 4 mm, 
≥99.99%), phenyl isothiocyanate (98%), 4-chlorophenyl isothiocyanate (99%), hexyl 
isothiocyanate (95%), cyclohexyl isothiocyanate (98%), 4-methoxyphenyl isothiocyanate (98%), 
isopropyl isothiocyanate (97%), 4-(trifluoromethyl)phenyl isothiocyanate (97%), 4-cyanophenyl 
isothiocyanate (98%), hexylamine (99%), octylamine (99%), dodecylamine (98%), 
octadecylamine (99%), oleylamine (technical grade, 70%), oleylamine (98%, primary amine), 
aniline (99%), dioctylamine (98%), and dibutylamine (99.5%) were obtained from Sigma 
Aldrich and used without further purification. Oleic acid (99%) was obtained from either Sigma 
Aldrich or Alfa Aesar and used without further purification. Cadmium oxide (99.99%), copper 
(II) acetylacetonate (98+%), nickel (II) stearate, tri-n-octylphosphine (min. 97%), and tri-n-
butylphosphine (99%) were purchased from Strem Chemicals and used as received. Lead (II) 
oxide was obtained from either Strem (99.999+%) or Alfa Aesar (99.9995%) and used without 
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further purification. 3,5-bis(trifluoromethyl)phenyl isothiocyanate (97+%) was obtained from 
Maybridge and used as received. Hexadecane (99%) was obtained from Sigma Aldrich, stirred 
with calcium hydride overnight, and distilled prior to use. 1-Octene (99%) was obtained from 
Acros Organics, stirred with calcium hydride overnight, and distilled prior to use. Diethylene 
glycol dimethyl ether (“diglyme”, anhydrous, 99.5%) was obtained from Sigma Aldrich and 
shaken with activated alumina prior to use. N,N’-diphenylthiourea (98%) (2) was obtained from 
Aldrich or synthesized according to the procedure below. Trioctylphosphine oxide (99%) was 
obtained from Aldrich and recrystallized from hot acetonitrile. 
Kinetics experiments were monitored at 400 nm using an Ocean Optics TP300 dip probe 
(2 mm path length) attached to a Perkin-Elmer Lambda 650 spectrophotometer equipped with 
deuterium and halogen lamps. UV-Vis-NIR spectra were obtained using a Perkin-Elmer Lambda 
950 spectrophotometer equipped with deuterium and halogen lamps and either a PbS or InGaAs 
detector. UV-Vis-NIR spectra were corrected with a linear baseline correction and an offset at 
the detector change (860 nm). Samples for UV-Vis-NIR and photoluminescence spectroscopies 
were dissolved in tetrachloroethylene for PbS, toluene for CdS, and hexanes for ZnS, and a blank 
with the same solvents at the concentrations of the corresponding sample was used. 
Photoluminescence measurements in the range 300-800 nm were performed using a Fluoromax 4 
from Horiba Scientific, and quantum yields were determined using a quanta-phi integrating 
sphere accessory. Transmission electron microscopy (TEM) was performed on either a JEOL 
JEM-100CX or a JEOL 2100 TEM. Powder X-ray diffraction (XRD) was measured on a 
PANalytical X’Pert Powder X-ray diffractometer. Raman spectra were obtained using a 
Renishaw  inVia Raman Microscope with a 532 nm laser operating at 27 mW and 1% power, in 
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the range of 200-400 cm-1 with a resolution of 2 cm-1. Acquisition times were 10 s per scan with 
the final spectrum from the co-addition of 185 scans. 
3.7.2 Precursor Synthesis 
Synthesis of substituted thioureas. A solution of alkylamine (3.0 mmol) in toluene (2.5 
mL) was added to a solution of alkyl or aryl isothiocyanate (3.0 mmol) in toluene (2.5 mL). The 
solution became warm upon the addition and was allowed to stir for a few minutes before the 
volatiles were removed under vacuum. The product is thoroughly dried under vacuum to remove 
trace toluene, the duration of which depends on the reaction scale (3 – 24 hours), resulting in 
quantitative yield in all cases. These reactions can be run at 30× the scale and 3× the 
concentration described with no observable changes. A wide variety of N-alkyl-N’-aryl-thioureas 
(3a-3f) are best obtained from aryl isothiocyanates and alkylamines rather than the corresponding 
alkyl isothiocyanate, which react too sluggishly with anilines to be practical. 
Example thiourea synthesis: N-phenyl-N’-dodecylthiourea (3d). N-dodecyl-N’-
phenylthiourea was prepared according to the general procedure from solutions of n-
dodecylamine (11.56 g, 62.4 mmol) in toluene (20 mL) and phenyl isothiocyanate (8.44 g, 62.4 
mmol) in toluene (20 mL), producing a white powder. Yield: 19.56 g (98%). 
Synthesis of N,N’-bis(2,2,2-trifluoroethyl)-thiourea. 356.4 mg (2.0 mmol; 1 eqv.) of 
1,1’-thiocarbonyldiimidazole is weighed into a vial, to which 2 mL of ethyl acetate is added and 
stirred until the thiocarbonyl is completely dissolved. At least 416 mg (4.2 mmol; 2.1 eqv.) of 
2,2,2-trifluoroethylamine is weighed into a separate vial and 1 mL of ethyl acetate is added. 
While stirring, the trifluoroethylamine solution is then added to the thiocarbonyldiimidazole 
solution and allowed to stir for an hour. Following this, 3 mL of hexanes are added, and the 
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solution is filtered through a ~1 inch plug of silica gel. The solution is then dried under vacuum, 
resulting in 60% yield of a colorless powder.  
Synthesis of lead oleate (Pb(oleate)2) from lead trifluoroacetate. Lead (II) oxide 
(10.00 g, 44.8 mmol) and acetonitrile (20 mL) are added to a 100 mL round bottom flask. The 
suspension is stirred while being cooled in an ice bath for ten minutes, after which trifluoroacetic 
acid (0.7 mL, 8.96 mmol, 0.2 equiv.) and trifluoroacetic anhydride (6.2 mL, 44.8 mmol, 1 equiv.) 
are added. After fifteen minutes the yellow lead oxide has dissolved, resulting in a clear and 
colorless solution that is allowed to warm to room temperature. To a 500 mL Erlenmeyer flask, 
oleic acid (25.437 g, 90.05 mmol, 2.01 equiv.), isopropanol (180 mL), and triethylamine (10.246 
g, 101.25 mmol, 2.26 equiv.) are added. The lead trifluoroacetate solution is then added to the 
oleic acid solution with stirring, resulting in the formation of a white precipitate. The mixture is 
heated to reflux in order to dissolve the precipitate whereupon a clear and colorless solution is 
obtained. The heat is then turned off and the flask allowed to slowly cool to room temperature 
over > 2 hours, followed by further cooling in a -20 °C freezer for > 2 hours. The resulting white 
powder is isolated by suction filtration using a glass fritted funnel, the filtrate thoroughly washed 
with methanol (3 x 300 mL) being careful to thoroughly stir the slurry to break up any large 
pieces, and then dried under vacuum for > 6 hours. The free flowing white powder is stored in a 
nitrogen-filled glovebox. Typical yields are 31.1 g – 32.8 g (90 – 95%). This reaction can be run 
at three times the scale described with no observable changes. 
Synthesis of lead oleate (Pb(oleate)2) from lead nitrate. The following method was 
adapted from a preparation of cadmium tetradecanoate (4). Sodium hydroxide (1.800 g, 45 
mmol, 2.25 equiv.) is dissolved in methanol (1 L). To this solution oleic acid (12.710 g, 45 
mmol, 2.25 equiv.) is slowly added. A solution of lead (II) nitrate (6.624 g, 20 mmol, 1.0 equiv.) 
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in methanol (250 mL) is then added, the mixture heated until a clear solution is obtained, and the 
heat and stirring are turned off. After cooling to room temperature, the solution is decanted to 
remove any insoluble residue, and stored in a 5 °C refrigerator overnight during which time a 
white powder precipitates. The resulting white powder is isolated by suction filtration using a 
fine glass fritted funnel, the filtrate thoroughly washed with methanol (3 x 300 mL) being careful 
to thoroughly stir the slurry to break up any large pieces, and then dried under vacuum for > 6 
hours. The white powder is stored in a nitrogen-filled glovebox. Typical yields are 3.9 g – 7.8 g 
(25 – 50%). This reaction can be run at double the scale described with no observable changes. 
No noticeable difference in reactivity was observed between lead oleate from lead 
trifluoroacetate or from lead nitrate, however the procedure using lead trifluoroacetate is 
strongly preferred because of the availability of higher purity PbO, smaller reaction volumes, 
and greater yields. 
3.7.3 Precursor Characterization 
N-(3,5-bis(trifluoromethylphenyl))-N’-phenylthiourea (1). White powder. 1H NMR 
(CD2Cl2, 500 MHz): δ = 7.33-7.40 (m, 3H, o-CH and p-CH (unsub.)), 7.48 (m, 2H, m-CH 
(unsub.)), 7.71 (s, 1H, p-CH (sub.)), 8.01 (s, 2H, o-CH (sub.)), 8.04 (b, 1H, NH (unsub.)), 8.92 
(b, 1H, NH (sub.)); 13C {1H} (125 MHz, CD2Cl2): δ = 119.68 (p-C (sub.), p), 123.50 (-CF3, q, JC-
F = 271 Hz), 125.21 (m-C (sub.), q, JC-F = 4 Hz), 125.85 (o-C (unsub.)), 128.33 (p-C (unsub.)), 
130.66 (m-C (unsub.)), 132.12 (m-C (sub.), q, JC-F = 34 Hz), 136.39 (i-C), 140.25 (i-C), 180.19 
(C(S)); Anal. Calcd for C15H10F6N2S: C, 49.32, H, 3.04, N, 7.67. Found: C, 49.53; H, 2.89; N, 
7.68. MS (FAB) m/z Calcd for C15H11F6N2S+: 365.05. Found:  365.07. 
N,N’-diphenylthiourea (2). The synthesis was run at half the concentration reported 
above. White powder. 1H NMR (C6D6, 500 MHz): δ = 7.00 (m, 10H, -C6H5), 7.59 (s, 2H, NH); 
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13C {1H} (125 MHz, C6D6): δ = 124.32 (o-C), 125.94 (p-C), 129.18 (m-C), 137.91 (i-C), 179.56 
(C(S)); Anal. Calcd for C13N2SH12: C, 68.39; H, 5.30; N, 12.27. Found: C, 68.49; H, 5.46; N, 
12.28. MS (FAB) m/z Calcd for C13H13N2S+: 229.08. Found:  229.32. 
N-(p-cyanophenyl)-N’-dodecylthiourea (3a). White powder. 1H NMR (C6D6, 500 
MHz): δ  = 0.45 (s, 1H, -CN), 0.93 (t, 3H, -CH3), 1.07-1.36 (b, 20H, (CH2)10), 3.40 (b, 2H, -
CH2), 5.32 (s, 1H, NH), 6.49  (d, 2H, o-CH), 6.83  (d, 2H, m-CH), 7.39 (s, 1H, NH); 13C{1H} 
(125 MHz, C6D6): δ  = 14.39 (-CH3), 23.15 (CH2), 27.23 (CH2), 29.03 (CH2), 29.67 (CH2), 29.84 
(CH2), 29.98  (CH2), 30.04 (CH2), 30.13 (CH2), 30.14  (CH2), 32.36  (CH2), 45.53 (NCH2), 
108.70 (p-C), 118.38 (-CN), 122.45 (o-C), 133.44 (m-C), 141.29 (i-C), 180.57 (C(S)); Anal. 
Calcd for C20H31N3S: C, 71.80; H, 10.24; N, 8.37. Found: C, 71.57; H, 10.52; N, 8.37. MS 
(FAB) m/z Calcd for C20H32N3S+: 346.23. Found: 346.36. 
N-(p-(trifluoromethyl)phenyl)-N’-dodecylthiourea (3b). White powder. 1H NMR 
(C6D6, 500 MHz): δ  = 0.93 (t, 3H, -CH3), 1.08-1.32 (m, 20H, (CH2)10), 3.47 (b, 2H, -CH2), 5.57 
(b, 1H, NH), 6.79  (d, 2H, o-CH), 7.17  (d, 2H, m-CH), 8.53 (b, 1H, NH); 13C{1H} (125 MHz, 
C6D6): δ  = 14.40 (-CH3), 23.15 (CH2), 27.26 (CH2), 29.14 (CH2), 29.70 (CH2), 29.85 (CH2), 
30.00  (CH2), 30.06 (CH2), 30.14 (CH2), 30.16  (CH2), 32.37  (CH2), 45.55 (NCH2), 123.57 (o-
C), 124.61 (-CF3, d, JC-F = 271 Hz), 127.06 (m-C), 127.40 (p-C, d, JC-F = 33 Hz), 140.92 (i-C), 
180.68 (C(S)); Anal. Calcd for C20H31F3N2S: C, 61.83; H, 8.04; N, 7.21. Found: C, 61.73; H, 
8.08; N, 7.13. MS (FAB) m/z Calcd for C20H32F3N2S+: 389.22. Found:  389.26. 
N-(p-chlorophenyl)-N’-dodecylthiourea (3c). White powder. 1H NMR (C6D6, 500 
MHz): δ  = 0.92 (t, 3H, -CH3), 1.06-1.36 (m, 20H, (CH2)10), 3.47 (b, 2H, -CH2), 5.47 (b, 1H, 
NH), 6.58  (d, 2H, o-CH), 6.88  (d, 2H, m-CH), 8.17 (b, 1H, NH); 13C{1H} (125 MHz, C6D6): δ  
= 14.40 (-CH3), 23.15 (CH2), 27.21 (CH2), 29.24 (CH2), 29.68 (CH2), 29.85 (CH2), 29.98  (CH2), 
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30.04 (CH2), 30.14 (CH2), 30.15  (CH2), 32.37  (CH2), 45.50 (NCH2), 126.16 (o-C), 130.01 (m-
C), 131.86 (p-C), 135.92 (i-C), 181.23 (C(S)); Anal. Calcd for C19H31ClN2S: C, 64.29; H, 8.80; 
N, 7.89. Found: C, 63.97; H, 8.62; N, 7.73. MS (FAB) m/z Calcd for C19H32ClN2S+: 355.20. 
Found:  355.27. 
N-phenyl-N’-dodecylthiourea (3d). White powder. 1H NMR (C6D6, 500 MHz): δ  = 
0.92 (t, 3H, -CH3), 1.05-1.35 (m, 20H, (CH2)10), 3.48 (b, 2H, NCH2), 5.67 (b, 1H, NH), 6.83  (t, 
1H, p-CH), 6.87  (d, 2H, o-CH), 6.96  (t, 2H, m-CH), 8.51 (b, 1H, NH); 13C{1H} (125 MHz, 
C6D6): δ  = 14.40 (-CH3), 23.15 (CH2), 27.22 (CH2), 29.26 (CH2), 29.67 (CH2), 29.85 (CH2), 
29.99  (CH2), 30.04 (CH2), 30.14 (CH2), 30.15  (CH2), 32.37  (CH2), 45.49 (NCH2), 125.00 (o-
C), 126.34 (p-C), 129.96 (m-C), 137.55 (i-C), 181.35 (C(S)); Anal. Calcd for C19H32N2S: C, 
71.19; H, 10.06; N, 8.74. Found: C, 71.05; H, 9.74; N, 8.62. MS (FAB) m/z Calcd for 
C19H33N2S+: 321.24. Found:  321.35. 
N-(p-methylphenyl)-N’-dodecylthiourea (3e). White powder. 1H NMR (C6D6, 500 
MHz): δ  = 0.92 (t, 3H, -CH3), 1.05-1.35 (m, 20H, (CH2)10), 1.97 (s, 3H, -CH3), 3.53 (m, 2H, 
CH2), 5.74 (s, 1H, NH), 6.80  (d, 2H, o-CH), 6.85  (d, 2H, m-CH), 8.78 (s, 1H, NH); 13C{1H} 
(125 MHz, C6D6): δ  = 14.40 (-CH3), 20.81 (o-CH3), 23.15 (CH2), 27.24 (CH2), 29.36 (CH2), 
29.70 (CH2), 29.85  (CH2), 30.00 (CH2), 30.05 (CH2), 30.14  (CH2), 30.16  (CH2), 32.38 (CH2), 
45.44 (NCH2), 125.44 (o-C), 130.60 (m-C), 134.95 (p-C), 136.32 (i-C), 181.49 (C(S)); Anal. 
Calcd for C20H34N2S: C, 69.52; H, 9.04; N, 12.16. Found: C, 69.65; H, 9.31; N, 12.22. MS 
(FAB) m/z Calcd for C20H35N2S+: 335.25. Found: 335.38. 
N-(p-methoxyphenyl)-N’-dodecylthiourea (3f). White powder. 1H NMR (C6D6, 500 
MHz): δ  = 0.92 (t, 3H, -CH3), 1.06-1.33 (m, 20H, (CH2)10), 3.19 (s, 3H, -OCH3), 3.55 (m, 2H, -
CH2), 5.56 (b, 1H, NH), 6.55  (d, 2H, o-CH), 6.79  (d, 2H, m-CH), 8.24 (b, 1H, NH); 13C{1H} 
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(125 MHz, C6D6): δ  = 14.40 (-CH3), 23.15 (CH2), 27.21 (CH2), 29.44 (CH2), 29.70 (CH2), 29.85  
(CH2), 30.00 (CH2), 30.05 (CH2), 30.14  (CH2), 30.15  (CH2), 32.37 (CH2), 45.46 (NCH2), 54.98 
(-OCH3), 100.37 (i-C), 115.21 (m-C), 127.69 (o-C), 158.82 (p-C), 182.04 (C(S)); Anal. Calcd for 
C20H34N2OS: C, 68.52; H, 9.78; N, 7.99. Found: C, 69.44; H, 10.03; N, 8.00. MS (FAB) m/z 
Calcd for C20H35N2OS+: 351.25. Found: 351.31. 
N-phenyl-N’-hexylthiourea (4). White powder. 1H NMR (C6D6, 500 MHz): δ  = 0.82 (t, 
3H, -CH3), 0.98-1.25 (m, 8H, (CH2)4), 3.46 (b, 2H, NCH2), 5.74 (b, 1H, NH), 6.83  (t, 1H, p-
CH), 6.94-6.98  (m, 4H, o-CH & m-CH), 8.97 (b, 1H, NH); 13C{1H} (125 MHz, C6D6): δ  = 
14.20 (-CH3), 22.89 (CH2), 26.82 (CH2), 29.16 (CH2), 31.72 (CH2), 45.42 (NCH2), 125.02 (o-C), 
126.34 (p-C), 129.97 (m-C), 137.62 (i-C), 181.22 (C(S)); Anal. Calcd for C13H20N2S: C, 66.06; 
H, 8.53; N, 11.85. Found: C, 66.31; H, 8.80; N, 11.73. MS (FAB) m/z Calcd for C13H21N2S+: 
237.14. Found:  237.27. 
N-tert-butyl-N’-dodecylthiourea (5). White powder. 1H NMR (C6D6, 500 MHz): δ  = 
0.92 (t, 3H, -CH3), 1.16-1.44 (m, 29H, (CH2)10 & (CH3)3), 3.43 (b, 2H, -CH2), 5.54 (b, 1H, NH), 
5.76 (s, 1H, NH); 13C{1H} (125 MHz, C6D6): δ  = 14.40 (-CH3), 23.16 (CH2), 27.42 (CH2), 29.44 
(-CH3), 29.63 (CH2), 29.82 (CH2), 29.86  (CH2), 30.06 (CH2), 30.10 (CH2), 30.16 (CH2), 30.18 
(CH2), 32.38 (CH2), 44.98 (NCH2), 52.70 (NC), 182.47 (C(S)); Anal. Calcd for C17H36N2S: C, 
67.94; H, 12.07; N, 9.32. Found: C, 68.21; H, 11.87; N, 9.25. MS (FAB) m/z Calcd for 
C17H37N2S+: 301.27. Found: 301.42. 
N-iso-propyl-N’-dodecylthiourea (6). White powder. 1H NMR (C6D6, 500 MHz): δ  = 
0.90-0.96 (m, 9H, -CH3), 1.13-1.40 (m, 20H, (CH2)10), 3.26 (b, 2H, -CH2), 4.33 (b, 1H, -CH), 
5.20 (b, 1H, NH), 5.38 (b, 1H, NH); 13C{1H} (125 MHz, C6D6): δ  = 14.40 (-CH3), 22.64 (-CH3), 
23.16 (CH2), 27.36 (CH2), 29.59 (CH2), 29.82 (CH2), 29.86  (CH2), 30.06 (CH2), 30.11 (CH2), 
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30.16 (CH2), 30.19 (CH2), 32.38 (CH2), 44.36 (NCH), 45.92 (NCH2), 182.14 (C(S)); Anal. Calcd 
for C16H34N2S: C, 67.07; H, 11.96; N, 9.78. Found: C, 67.31; H, 11.69; N, 9.82. MS (FAB) m/z 
Calcd for C16H35N2S+: 287.53. Found: 287.39. 
N-cyclohexyl-N’-dodecylthiourea (7). Pale yellow powder. 1H NMR (C6D6, 500 MHz): 
δ  = 0.93 (t, 3H, -CH3), 1.01-1.63 (m, 28H, (CH2)10 & 2,3,5,6-CH2), 2.09 (d, 2H, 4-CH2), 3.48 (b, 
2H, -CH2), 4.30 (b, 1H, NH), 6.22 (b, 1H, NH ), 6.43 (s, 1H, 1-CH); 13C{1H} (125 MHz, C6D6): 
δ  = 14.41 (-CH3), 23.16 (CH2), 27.41 (CH2), 29.43 (CH2), 29.63 (CH2), 29.82 (CH2), 29.86 
(CH2), 30.06 (CH2), 30.10 (CH2), 30.16 (CH2), 30.18 (CH2), 32.38 (CH2), 44.98 (NCH2), 52.69 
(NCH), 182.48 (C(S)); Anal. Calcd for C19H38N2S: C, 69.88; H, 11.73; N, 8.58. Found: C, 69.78; 
H, 11.46; N, 8.33. MS (FAB) m/z Calcd for C19H39N2S+: 327.28. Found: 327.43. 
N-n-hexyl-N’-dodecylthiourea (8). White powder. 1H NMR (C6D6, 500 MHz): δ  = 0.88 
(t, 3H, -CH3), 0.93 (t, 3H, -CH3), 1.11-1.40 (m, 28H, (CH2)10 & (CH2)4), 3.26 (b, 4H, -CH2), 5.43 
(b, 2H, NH); 13C{1H} (125 MHz, C6D6): δ  = 14.27 (-CH3), 14.40 (-CH3), 22.99 (CH2), 23.16 
(CH2), 26.97 (CH2), 27.36 (CH2), 29.51  (CH2), 29.60 (CH2), 29.84 (CH2), 29.87 (CH2), 30.08 
(CH2), 30.13 (CH2), 30.17 (CH2), 30.20 (CH2), 31.90 (CH2), 32.38 (CH2), 44.46 (NCH2), 44.50 
(NCH2), 183.02 (C(S)); Anal. Calcd for C19H40N2S: C, 69.45; H, 12.27; N, 8.53. Found: C, 
69.65; H, 12.09; N, 8.49. MS (FAB) m/z Calcd for C19H41N2S+: 329.30. Found: 329.44. 
N-n-hexyl-N’,N’-di-n-butylthiourea (9). Pale yellow oil. 1H NMR (C6D6, 500 MHz): δ  
= 0.82 (t, 6H, -CH3), 0.86 (t, 3H, -CH3), 1.08-1.26 (m, 10H, (CH2)5), 1.40-1.52 (m, 6H, CH2), 
3.34 (t, 4H, N(CH2)2), 3.73 (q, 2H, NCH2), 4.97 (b, 1H, NH); 13C{1H} (125 MHz, C6D6): δ  = 
14.13 (-CH3), 14.26 (-CH3), 20.52 (CH2), 23.06 (CH2), 27.14 (CH2), 29.89 (CH2), 30.09  (CH2), 
31.98 (CH2), 46.28 (NCH2), 50.89 (N(CH2)2), 182.12 (C(S)); Anal. Calcd for C15H32N2S: C, 
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66.12; H, 11.84; N, 10.28. Found: C, 66.07; H, 11.57; N, 10.34. MS (FAB) m/z Calcd for 
C15H33N2S+: 273.24. Found: 273.30. 
N-n-hexyl-N’,N’-di-n-octylthiourea (10). Pale yellow oil. 1H NMR (C6D6, 500 MHz): δ  
= 0.87 (t, 3H, -CH3), 0.91 (t, 6H, -CH3), 1.15-1.33 (m, 26H, (CH2)5 & (CH2)3), 1.49-1.59 (m, 6H, 
CH2), 3.44 (t, 4H, N(CH2)2), 3.75 (q, 2H, NCH2), 5.13 (b, 1H, NH); 13C{1H} (125 MHz, C6D6): δ  
= 14.26 (-CH3), 14.38 (-CH3), 23.05 (CH2), 23.10 (CH2), 27.16 (CH2), 27.40 (CH2), 28.05 (CH2), 
29.70 (CH2), 29.84 (CH2), 29.90  (CH2), 31.99 (CH2), 32.25 (CH2), 46.29 (NCH2), 51.22 
(N(CH2)2), 182.26 (C(S)); Anal. Calcd for C23H48N2S: C, 71.81; H, 12.58; N, 7.28. Found: C, 
72.06; H, 12.44; N, 7.33. MS (FAB) m/z Calcd for C23H49N2S+: 385.36. Found: 385.30. 
N-phenyl-N’,N’-di-n-butylthiourea (11). White powder. 1H NMR (C6D6, 500 MHz): δ  
= 0.67 (t, 6H, -CH3), 0.96 (m, 4H, CH2), 1.31 (m, 4H, CH2), 3.21 (t, 4H, N(CH2)2), 6.54 (b, 1H, 
NH), 6.82 (t, 1H, p-CH), 7.01 (t, 2H, m-CH), 7.21 (d, 2H, o-CH); 13C{1H} (125 MHz, C6D6): δ  
= 13.62 (-CH3), 20.05 (CH2), 29.50 (CH2), 51.03 (NCH2), 124.46 (o-CH), 124.65 (p-CH), 128.42 
(m-CH), 140.68 (i-C), 182.03 (C(S)); Anal. Calcd for C15H24N2S: C, 68.13; H, 9.15; N, 10.59. 
Found: C, 67.95; H, 8.85; N, 10.55. MS (FAB) m/z Calcd for C15H25N2S+: 265.17. Found: 
265.24. 
N,N’-bis-(2,2,2-trifluoroethyl)-thiourea. White powder. 1H NMR (C6D6, 500 MHz): δ  
= 3.85 (m, 4H, CH2), 4.01 (b, 2H, NH); 19F{1H} (470 MHz, C6D6): δ  = -70.9 (-CF3) 
Lead oleate (Pb(oleate)2) from lead trifluoroacetate. Fluffy white solid. 1H NMR 
(C6D6, 500 MHz) δ = 0.95 (t, 3JH-H = 6.8 Hz, 6H), 1.27-1.58 (m, 40H, (CH2)6 and (CH2)4), 1.89 
(m, 4H, COCH2CH2), 2.19 (m, 8H, =CHCH2), 2.53 (t, 3JH-H = 7.7 Hz, 4H, COCH2), 5.56 (m, 4H, 
=CH-); 13C NMR (C6D6, 125 MHz) δ = 14.43 (CH3), 23.20 (CH2CH3), 26.31 (COCH2CH2), 
27.86 (=CHCH2-), 27.95 (=CHCH2-), 29.89 (CH2), 29.91 (CH2), 30.14 (CH2), 30.36 (CH2), 
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30.38 (CH2), 30.58 (CH2), 32.43 (CH2), 40.04 (COCH2), 130.17 (=CH-),130.36 (=CH-),184.22 
(OOC); IR (liquid cell in tetrachloroethylene): 1304.79, 1401.77, 1466.38, 1524.19, 1549.93, 
1710.59, 1761.22, 2854.97, 2927.3, 3006.15 cm-1; Anal. Calcd. For PbO4C36H66: C, 56.15; H, 
8.64; N, 0.0. Found: C, 56.07; H, 8.44; N, <0.02. Residual trifluoroacetate content may be 
measured by 19F NMR relative to a C6F6 internal standard (10 µL); typical residual 
trifluoroacetate content is ≤0.1% by mass and may be further reduced by recrystallization from 
hot isopropanol. 
Lead oleate (Pb(oleate)2) from lead nitrate. Fluffy white solid. 1H NMR (C6D6, 500 
MHz) δ = 0.93 (t, 3JH-H = 7 Hz, 6H), 1.25-1.46 (m, 40H, (CH2)6 and (CH2)4), 1.74 (m, 4H, 
COCH2CH2), 2.14 (m, 8H, =CHCH2), 2.34 (t, 3JH-H = 8 Hz, 4H, COCH2), 5.53 (m, 4H, =CH-); 
13C NMR (C6D6, 125 MHz) δ = 14.40 (CH3), 23.15 (CH2CH3), 25.99 (COCH2CH2), 27.79 
(=CHCH2-), 27.80 (=CHCH2-), 29.81 (CH2), 29.82 (CH2), 29.99 (CH2), 30.05 (CH2), 30.31 
(CH2), 30.35 (CH2), 32.36 (CH2), 38.62 (COCH2), 130.19 (=CH-),130.33 (=CH-),182.77 (OOC); 
IR (DRIFTS): 1311.74, 1345.74, 1404.69, 1425.94, 1468.73, 1486.83, 1657.51, 2826.85, 2850.8, 
2871.97, 2918.77, 2952.2, 3003.73 cm-1; Anal. Calcd. For PbO4C36H66: C, 56.15; H, 8.64; N, 0.0. 
Found: C, 55.96; H, 8.87; N, <0.02. 
3.7.4 PbS Kinetics Experiments 
In a nitrogen-filled glovebox, lead oleate (0.166 g, 0.216 mmol) and hexadecane (19 mL), 
are added to a three neck round bottom flask equipped with a stir bar and the flask sealed with 
two rubber septa and an air-free vacuum adapter. The vessel is attached to a Schlenk line via an 
argon inlet and one of the septa replaced with a homemade air-free adapter for an in situ optical 
absorption dip-probe. The flask is covered in foil to eliminate ambient light and immersed in a 
silicon oil bath of the desired temperate. A stock solution of the desired thiourea (0.216 mmol) in 
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diphenyl ether (1.25 g, 1.2 mL) is prepared in a 2 mL scintillation vial. After allowing the flask 
to reach thermal equilibrium with the oil bath (10 minutes), the vial containing the thiourea stock 
solution is immersed in the oil bath for 30 seconds. Continuous recording of the absorbance at 
400 nm is initiated and the thiourea stock solution (1 mL, 0.18 mmol thiourea) quickly injected 
into the flask with vigorous stirring. This results in 20 mL of total solution, and an initial lead 
oleate concentration of 10.8 mM and thiourea concentration of 9 mM. The reaction is run for 20 
minutes after the injection, at which time a 250 uL aliquot was removed to measure the full UV-
Vis-NIR spectrum and a 150 uL aliquot was removed for TEM analysis. The UV-Vis-NIR 
aliquot was dissolved in tetrachloroethylene (2.25 mL), and the TEM aliquot was dissolved in 
hexane (3 mL). The kinetics data was corrected by setting t = 0 as the initial appearance of 
absorbance at 400 nm. The baseline was also zeroed at λ = 400 nm prior to injection. The data 
were fit to single exponential functions, allowing first-order rate constants to be extracted. 
Relative rate constants are computed versus the rate of N-n-hexyl-N’-dodecyl-thiourea (8) at 150 
°C. Relative rates were determined over a range of temperatures by running some precursors at 
two temperatures (3b: 90, 120 °C and 3f: 120, 150 °C). 
3.7.5 CdS Kinetics Experiments 
Cadmium sulfide kinetics experiments were run similarly to those described for lead 
sulfide kinetics, with the following changes. Cadmium oleate was used in the place of lead oleate 
and was prepared by the method reported for cadmium tetradecanoate by Hendricks et al. (4). 
The reactions were monitored at 300 nm rather than 400 nm (except for precursor 11 in which 
the formation of CdS was monitored using the extinction coefficient reported by Peng et al. due 
to an observable intermediate absorbing at high energy at early times) (23). All reactions were 
run at 150 °C. For slower precursors (11, 12), the absorbance was monitored by removing 
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aliquots from the reaction and diluting in toluene rather than using the in-situ dip probe. The 
precursor conversion reaction was considered complete when the absorbance at 300 nm stopped 
increasing, at which time a final aliquot was removed and used to determine the final nanocrystal 
volume using the Peng sizing formula (23). Final nanocrystal concentration was calculated by 
dividing the theoretical CdS yield by the nanocrystal volume. 
3.7.6 PbS Syntheses 
Example large-scale synthesis of 3.4 nm PbS nanocrystals. In a nitrogen-filled glove 
box, lead oleate (8.812 g, 11.44 mmol, 1.5 equiv) and 1-octene (105.5 g, 147.5 mL) are added to 
a 250 mL 3-neck round bottom flask equipped with a stir bar. and the flask sealed with two 
rubber septa and an air-free vacuum adapter. In a 20 mL scintillation vial, N,N’-diphenylthiourea 
(1.742 g, 7.63 mmol) and diglyme (5 mL) are mixed and the vial sealed with a rubber septum. 
Both vessels are transferred to a Schlenk line where they are attached to an argon inlet and 
brought to 95 °C in an oil bath. After the temperature of the reaction vessel is stable (15 
minutes), the solution of thiourea is quickly injected into the clear colorless solution. The stirring 
should be vigorous and the injection should ideally be completed prior to the darkening of the 
mixture (< 1 second). Simultaneous injection using two syringes may be helpful. The reaction is 
allowed to run for 60 seconds before the flask is removed from the hot oil bath. Once cooled to 
room temperature, the septa are replaced with glass stoppers under positive argon flow and the 
volatiles removed under vacuum. The flask is sealed under vacuum and brought into a glove box 
whereupon toluene (40 mL) is added. The resulting slurry is split between four 50 mL centrifuge 
tubes and centrifuged (7000 rpm, 10 minutes). The dark nanocrystal solution is decanted and any 
remaining solids discarded. Methyl acetate (120 mL) is then added to the toluene solution to 
precipitate the nanocrystals. After centrifugation (7000 rpm, 10 minutes), the clear, pale brown 
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solution is discarded and the remaining nanocrystal residue redissolved in toluene (40 mL). The 
cycle of precipitation from toluene with methyl acetate is performed six times in total to reach a 
ligand coverage of 5.7 oleate ligands per square nanometer as measured by UV-Visible-NIR 
absorption and 1H NMR spectroscopy. Yield of (PbS)(Pb(oleate)2)0.26: 2.67 g (79.5%). 
Commercially available anhydrous octane (b.p. = 125-126°C) may also be used in place of 1-
octene. 
Example large-scale synthesis of 6.5 nm PbS nanocrystals. In a nitrogen-filled glove 
box, lead oleate (14.099 g, 22.88 mmol, 1.2 equiv) and 1-octene (105.5 g, 147.5 mL) are added 
to a 250 mL 3-neck round bottom flask equipped with a stir bar, that is then sealed with two 
rubber septa and an air-free vacuum adapter. In a 20 mL scintillation vial, N-dodecyl-N’-
phenylthiourea (4.890 g, 15.26 mmol) and diglyme (5 mL) are mixed and the vial sealed with a 
rubber septum. Both vessels are transferred to a Schlenk line where they are attached to an 
Argon inlet and brought to 120 °C in an oil bath. Once the temperature is stable (15 minutes), the 
solution of thiourea is quickly injected into the clear colorless solution. Simultaneous injection 
using two syringes may be helpful. The reaction is allowed to run for 10 minutes before the flask 
is removed from the oil bath. Once cooled to room temperature, the septa are replaced with glass 
stoppers under positive argon flow and the volatiles removed under vacuum. The flask is then 
sealed under vacuum and brought into a nitrogen glovebox. Toluene (60 mL) is added and the 
resulting slurry split between six 50 mL centrifuge tubes and centrifuged (7000 rpm, 10 
minutes). The dark nanocrystal solution is decanted and any remaining solids discarded. Methyl 
acetate (180 mL) is then added to the toluene solution to precipitate the nanocrystals. After 
centrifugation (7000 rpm, 10 minutes), the clear, pale brown solution is discarded and the 
remaining nanocrystal residue redissolved in toluene. The cycle of precipitation from toluene 
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with methyl acetate is performed six times in total to reach a ligand coverage of 2.9 oleate 
ligands per square nanometer as measured by UV-Visible-NIR absorption and 1H NMR 
spectroscopy. Commercially available anhydrous octane (b.p. = 125-126°C) may also be used in 
place of 1-octene. 
Synthesis of PbS nanocrystals for Figs. 2, S11, and S19. In a nitrogen-filled glovebox, 
lead oleate (1-2: 231.0 mg, 0.30 mmol, 1.5 equiv.; 3a-3f, 5-8: 184.8 mg, 0.24 mmol, 1.2 equiv.) 
and hexadecane (7.344 g, 9.5 mL) were added to a 40 mL vial equipped with a stir bar and sealed 
with a rubber septum. The vial is removed from the glovebox, and the septum pierced with an 
argon inlet needle and submerged in an oil bath at the desired temperature (1-2: 95 °C; 3a-3f, 5: 
120 °C; 3f, 5-8: 150 °C). Separately, the thiourea (0.30 mmol) is dissolved in diphenyl ether 
(0.805 g, 0.75 mL) by heating the mixture in the same oil bath. After reaching thermal 
equilibrium (10 minutes) the thiourea solution (500 µL, 0.20 mmol, 1.0 equiv.) is injected into 
the lead oleate solution. An aliquot (125 µL) is removed after 5 minutes from reactions at 95 °C 
and after 20 minutes from reactions at 120 or 150 °C. The aliquot is dissolved in 
tetrachloroethylene (2.35 mL) for absorption and photoluminescence spectroscopies. 
3.7.7 Syntheses of Other Materials and Structures from Substituted Thioureas 
Synthesis of cadmium sulfide nanocrystals. Cadmium tetradecanoate is synthesized 
according to Hendricks et al.8 In a nitrogen-filled glovebox, cadmium tetradecanoate (136 mg, 
0.24 mmol, 1.2 equiv.) and hexadecane (7.344 g, 9.5 mL) are added to a vial, which is loaded 
with a stir bar and sealed with a rubber septum. The vial is removed from the glovebox, the 
septum pierced with an argon inlet needle and submerged in an oil bath heated to 160 °C. 
Separately, N-n-hexyl-N’,N’-di-n-butylthiourea (9) (54.5 mg, 0.2 mmol, 1.0 equiv.) is dissolved 
in diphenyl ether (0.537 g, 0.5 mL) by heating the mixture in the same oil bath. After both 
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solutions reach thermal equilibrium (10 minutes), the thiourea solution is injected into the 
cadmium tetradecanoate solution and a timer started. After one hour the temperature is increased 
to 200 °C at an average rate of 2 °C min-1. The reaction is held at 200 °C for another 3.67 hours 
(for a full reaction time of 5 hours) and an aliquot is removed and dissolved in toluene for 
absorption and photoluminescence analysis, shown above. 
Synthesis of cadmium sulfide nanorods. Cadmium sulfide nanorods were synthesized 
by mixing cadmium oxide (56 mg, 0.44 mmol) with a mixture of hexylphosphonic acid (10-20 
mg, 0.06-0.12 mmol) and octadecylphosphonic acid (274-294 mg, 0.82-0.88 mmol) where the 
total amount of phosphonic acids was held at 0.94 mmol in 1.75 g recrystallized 
trioctylphosphine oxide. This solution was first degassed under vacuum (50 mTorr) for 30 min at 
100 °C, followed by heating to 320 °C under Ar for 20 min resulting in a clear solution. After 
lowering the temperature to 120 °C, the solution was degassed a second time under vacuum for 
60 min to remove water and then heated back to 320 °C under Ar. Trioctylphosphine (2.0 g) was 
added and the temperature was allowed to stabilize at 320 °C. Separately, a solution of the 
respective thiourea (0.36 mmol) was dissolved in 0.5 g trioctylphosphine with gentle heating and 
then injected to the cadmium phosphonate solution. Aliquots were periodically removed and 
monitored using UV-Vis spectroscopy and the reaction allowed to proceed for 60-120 min. After 
cooling to <100 °C, acetone (30 mL) was added to precipitate the sample, which was then 
centrifuged at 8000 rpm for 5 min. The precipitate was resuspended in dichloromethane (5 mL) 
and octylamine (5 mL), then acetone was added (20-30 mL) until the solution became turbid. 
The solution was then centrifuged again at 8000 rpm for 10 min and resuspended in hexane. Any 
solids that precipitated were removed.  
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Synthesis of copper sulfide nanoplatelets. Copper sulfide nanocrystals were 
synthesized by adapting a procedure previously reported by Korgel et al.35 In a nitrogen-filled 
glovebox, copper (II) acetylacetonate (0.2616 g, 1 mmol), 1-octadecene (7.89 g, 10 mL), and 
distilled oleylamine (1.605 g, 6.0 mmol) are combined in a septum-sealed vial. The vial is 
removed from the glovebox, pierced with an argon inlet needle, and submerged in an oil bath 
heated to 160 °C. After five minutes in the oil bath, a solution of substituted thiourea (0.5 mmol) 
in diphenyl ether (0.5 mL) was injected. The reaction was allowed to proceed for 30 minutes, 
after which the vial was removed from the oil bath and cooled to room temperature. The 
nanocrystals were isolated by precipitation with 20 mL methyl acetate, centrifugation (5 minutes, 
7000 rpm), decanting the liquor, and re-dissolving the remaining nanocrystal residue in 5 mL 
hexane. This was repeated twice more using 10 mL methyl acetate to precipitate the 
nanocrystals.  
Synthesis of nickel sulfide nanocrystals. Nickel sulfide nanocrystals were prepared in a 
similar fashion to Cu2-xS (25). In a nitrogen-filled glovebox, nickel (II) stearate (62.6 mg, 0.1 
mmol) and distilled oleylamine (10 mL, 8.13 g) were combined in a septum-sealed vial. The vial 
is removed from the glovebox, pierced with an argon inlet needle, and submerged in an oil bath 
heated to 200 °C. After five minutes in the oil bath, a solution of substituted thiourea (0.1 mmol) 
in oleylamine (0.5 mL) was injected. The reaction was allowed to proceed for 30 minutes, after 
which the vial was removed from the oil bath and cooled to room temperature. The nanocrystals 
were isolated by precipitation with 20 mL methyl acetate, centrifugation (5 minutes, 7000 rpm), 
decanting the liquor, and re-dissolving the remaining nanocrystal residue in 5 mL hexane. This 
was repeated twice more using 10 mL methyl acetate to precipitate the nanocrystals. 
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Synthesis of CdSe/CdS/ZnS core/shell/shell heterostructures. Synthesis of cadmium 
selenide cores: Wurtzite CdSe nanocrystals were synthesized according to a published procedure 
with slight modifications.31 Briefly, cadmium oxide (77 mg, 0.6 mmol) and oleic acid (0.68 g, 
2.4 mmol) are added to 1-octadecene (6.0 g), degassed under Ar flow for 30 minutes at room 
temperature, and then heated to 240 °C until clear (15 minutes). This solution was then cooled to 
<70 °C and trioctylphosphine (1.5 g) and octadecylamine (4.5) are added under an overpressure 
of Ar. The reaction solution is degassed under Ar flow for 15 minutes and then heated to 270 °C. 
Once stable at this temperature, 3.0 g of tributylphosphine selenide diluted in 1-octadecene (Se, 
1.4 g, 17.6 mmol; tributylphosphine, 3.84 g, 18.8 mmol; 1-octadecene, 12.3 g) was injected 
rapidly and the temperature reduced to 250 °C. The reaction is allowed to proceed until the 
desired nanocrystal size is reached (3 minutes), at which point the heating source is removed and 
the solution cooled with an oil bath. Once the temperature reaches <80 °C, hexane is added (10 
mL). The hexane solution is washed twice with methanol and stored in the dark. 
Shelling procedure: CdS and ZnS shells are grown on the preformed CdSe cores using an 
alternating addition strategy.30 CdSe cores dissolved in hexane (100 nmol in QDs as determined 
by absorbance at the first excitonic transition) 36,37 are added to octadecylamine (1.5 g) and 1-
octadecene (5.0 g) and degassed under vacuum at 100 °C to remove all of the hexane (30 
minutes). The reaction solution is then heated to 240 °C under Ar and the temperature allowed to 
stabilize for 30 minutes. Next, alternating additions of cadmium oleate (0.04 M in 1-octadecene; 
CdO, 62 mg, 0.48 mmol; oleic acid, 1.08 g, 3.83 mmol; 1-octadecene, 8.5 g) and N-n-hexyl-N’-
di-n-octylthiourea (10) (0.04 M in 1-octadecene; N-n-hexyl-N’,N’-di-n-octylthiourea (10), 154 
mg, 0.4 mmol; 1-octadecene, 7.9 g) are added dropwise to the reaction for the formation of CdS 
layers. Following the growth of CdS, alternating additions of zinc oleate (0.04 M in 1-
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octadecene; zinc acetate dihydrate, 44 mg, 0.20 mmol; oleic acid, 0.24 g, 0.85 mmol; 1-
octadecene, 6.0 g) and N-n-hexyl-N’,N’-di-n-octylthiourea (10) (0.04 M in 1-octadecene) are 
added dropwise for the formation of the ZnS layers. The molar amount for each metal cation 
addition is calculated to produce one half-monolayer based on a diameter change of 0.35 nm for 
one full monolayer assuming the bulk density of CdSe. The molar amount for each S addition is 
2:3 compared to the metal cation addition due to the complete conversion of the thiourea 
precursors. Following each addition, the mixture is allowed to react for 10 minutes. After the last 
addition, the solution is allowed to cool to <80 °C before the addition of toluene (10 mL). After 
centrifugation (5000 rpm, 5 min), the clear nanocrystal solution is decanted and the solid 
precipitates discarded. Sufficient methyl acetate is added to form a cloudy suspension 
(approximately 10 mL), which is then centrifuged (7000 rpm, 10 min.) The solid nanocrystal 
residue is suspended in toluene and stored in the dark. Any residual organic solids could be 
removed at this stage either by centrifugation or filtration.  
 Synthesis of copper zinc tin sulfide (CZTS). Kesterite CZTS nanocrystals were 
synthesized by adapting a procedure reported by Chesman and coworkers.32 N,N’-
diphenylthiourea (2) was substituted for carbon disulfide and tetramethylthiourea (12) was 
substituted for dodecanethiol. Briefly, copper (I) iodide (667 mg, 3.5 mmol, 0.4375 equiv.), tin 
(IV) chloride hexahydrate (701 mg, 2.0 mmol, 0.250 equiv), and zinc chloride (340 mg, 2.5 
mmol, 0.3125 equiv.) are added to oleylamine (16 mL) and degassed under vacuum for 60 
minutes at 100 °C, giving a blue-green solution, and then placed under argon. During this time, 
N,N’-diphenylthiourea (2) (571 mg, 2.5 mmol, 0.3125 equiv.), tetramethylthiourea (12) (727 mg, 
5.5 mmol, 0.6875 equiv.), and tetraglyme (2 mL) were added to a scintillation vial and heated to 
100 °C, giving a pale yellow solution. The thiourea solution was rapidly injected into the metal 
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solution, giving a dark reaction mixture. The mixture was stirred at 100 °C for 60 minutes, then 
heated to 250 °C and held there for 60 minutes, then heated to 290 °C and held there for 10 
minutes, and finally allowed to cool to 60 °C. The reaction mixture was then opened to air, 
diluted with chloroform (7.5 mL), precipitated with acetone (12.5 mL) and methanol (12.5 mL), 
and centrifuged (4000 rpm, 5 minutes), giving a clear pale yellow supernatant. The dark residue 
was dissolved in chloroform (5 mL) and centrifuged (4000 rpm, 5 minutes) to remove a small 
amount of aggregated material (< 20% of product). The dark brown solution was decanted, 
precipitated with ethanol (5 mL), and centrifuged (4000 rpm, 5 minutes), giving a clear colorless 
supernatant. The dark residue is dissolved in chloroform (5 mL) and dried under vacuum, giving 
a brown-black nanocrystal solid. 
Synthesis of tin sulfide nanosheets. SnS nanosheets were prepared by adapting a 
procedure previously published by Schaak et al.33 Tin (II) acetate (24 mg, 0.10 mmol) and 
oleylamine (20 mL) were sonicated for 10 minutes, forming an opalescent mixture. The mixture 
was then degassed under vacuum at 120 °C for 10 min. After cooling to 90 °C under Ar, 
hexamethyldisilazane (1.0 mL, 4.77 mmol) was added. In a separate vessel, N-n-hexyl-N’-
dodecylthiourea (8) (36 mg, 0.11 mmol) was mixed with diphenyl ether (0.5 mL) and briefly 
heated to form a homogenous solution. The thiourea solution was added to the metal solution at 
90 °C, and the temperature was then increased to 180 °C over 10 minutes, turning brown after 
approximately 4 min at 180 °C. After 30 minutes at 180 °C, the reaction mixture was allowed to 
cool to room temperature. The reaction mixture was then opened to air, washed with an 
acetone/toluene/hexane mixture (30 mL, 3:1:1 ratio), and centrifuged. The precipitate was 
washed twice more with a toluene/methanol mixture (20 mL, 1:1 ratio) prior to characterization. 
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3.7.8 NMR Characterization of PbS Nanocrystals 
The concentrations of oleate, PbS, and nanocrystals were determined by a combination of 
1H NMR and UV-Vis-NIR absorption spectroscopies. A toluene solution of purified nanocrystals 
is dried under vacuum and dissolved in d8-toluene. Ferrocene dissolved in d8-toluene (100 µL, 51 
mM) was added to a known volume of the nanocrystal stock solution and used as an internal 
standard for 1H NMR. The concentration of ligands was determined relative to the ferrocene 
internal standard by integrating the ligand vinyl and ferrocene resonances and normalizing for 
the number of hydrogens, respectively (2:10). 1H NMR spectra were acquired with sufficient 
relaxation delay to allow complete relaxation between pulses (30 s). The molar concentration of 
PbS in these stock solutions was determined by diluting 10-50 µL to a known volume with 
tetrachloroethylene and measuring the absorbance at λ = 400 nm. At this wavelength, the 
excinction coefficient is independent of size and proportional to the concentration of PbS 
formula units.21 
The wavelength of the lowest energy absorption maximum was used to determine the average 
nanocrystal diameter.21 From this diameter, the number of PbS units per nanocrystal were 
calculated by assuming a spherical shape and the molar volume of the bulk. The concentration of 
nanocrystals, the ratio of ligands per nanocrystal, and the ligand surface density were calculated 
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4.1 Role of Temperature in Nanocrystal Syntheses 
4.1.1 Introduction 
The previous chapter discussed the ability to use a precursor library to control the 
number, and therefore the size, of nanocrystals by tuning the precursor conversion rate and 
running the reactions to completion. While this is probably the most valuable aspect of precursor 
libraries, they also present new opportunities for studying nanocrystal reactions. Previously the 
only way to adjust the precursor conversion rate was by altering the reaction conditions (e.g. 
temperature, concentration) or by adding a chemical species that affected the rate (often an acid 
or base). A precursor library, on the other hand, enables control over the precursor conversion 
rate (by changing the precursor structure) independent of the reaction conditions. This opens up 
the opportunity to study the effects of precursor conversion rate and reaction conditions 
independent of one another for the first time, which we expect will provide new insights into the 
mechanism of nanocrystal reactions and inform further improvements to the reaction design. The 
following chapter discusses the very beginning of these studies, none of which are finished yet, 
but they have already begun to provide new insights that were impossible before the use of 
precursor libraries.  
4.1.2 Role of Temperature in Nanocrystal Reactions 
 One of the most fundamental questions associated with nanocrystal reactions is the role 
of temperature; traditionally the reactions are carried out at high temperature, based on the 
rationale that crystallization requires high temperatures.1 However, the ability to grow large 
clusters of the same semiconducting materials at low temperatures (25 – 100 °C) brings this 
assumption into question.2,3 Beyond the requirement for high temperature, the effect that 




increasing temperature resulting in smaller nanocrystals, and others that result in larger 
nanocrystals. To explain this we again turn to Sugimoto’s mass balance theory and the equation  
 ! = !!! !! 
4.1.1 
where!! is the number of stable particles. !! is the supply rate of solute during nucleation (mol 
sec-1), and  !! and ! are both constants referring to the molar volume of the solid (nm3 mol-1 or 
cm3 mol-1) and the average growth rate of stable nuclei during nucleation (nm3 sec-1), 
respectively.4 It is obvious that the rate of precursor conversion, !!, is a function of temperature, 
but the growth rate, !, even though it is assumed to be constant during nucleation, is also a 
function of temperature. Therefore adjustments to the temperature affect both values, and 
without understanding their respective temperature dependence it is unclear what the effect on 
the number of nanocrystals would be. In addition to the changing rates, another important 
reaction characteristic that can change with temperature is the critical concentration, or the 
concentration at which nucleation turns on. This can influence the rate of solute production 
during nucleation, which would correspondingly change the growth rate required to end 
nucleation. Although we will discuss methods to measure the supersaturation concentration later 
in this chapter, for now we assume it is constant.  
 As an initial study, we synthesized PbS with a variety of precursors (para-substituted N-
p-X-phenyl-N’-n-dodecylthioureas; X = CF3, Cl, H, OMe; 3b, 3c, 3d, 3f) at temperatures 
ranging from 95 – 150 °C and measured the final concentration and size of the nanocrystals (Fig. 
4.1.1). We observe that while the number and size of nanocrystals does depend on the identity of 
the precursor, within the error of the measurement it is fairly independent of the rate (or 






Fig. 4.1.1 PbS nanocrystal concentration and diameter as a function of rate for a 
variety of para-substituted N-p-X-phenyl-N’-n-dodecylthiourea precursors. The 
precursor conversion rate changes due to different reaction temperatures, ranging 
from 95 – 150 °C. 
 
The fact that the number and size of the nanocrystals is constant implies that the same number of 
nuclei are required to terminate nucleation. Because we know that the precursor conversion rate 
is increasing with increasing temperature, we can therefore infer that the growth rate is similarly 
increasing. Given that both the precursor conversion rate and growth rates increase at higher 
temperature, and the number of nuclei is constant, it follows that the rate of nuclei production 
also increases and the nucleation time decreases. As discussed in the introduction, the duration of 




are occurring, and thus we would expect a more monodisperse sample at higher temperature. To 
investigate this we plotted the full width at half the maximum height (FWHM) of the lowest 
energy electronic transition of the samples synthesized with N-p-methoxy-phenyl-N’-n-
dodecylthiourea at 95 – 150 °C (Fig. 4.1.2). Surprisingly, we again see almost no dependence on 
temperature for the peak width, which we use as a measure of the polydispersity.  
 
Fig 4.1.2 Full width at half the maximum height (FWHM) of the lowest energy 
electronic transition of the PbS nanocrystal samples synthesized with N-p-
methoxy-phenyl-N’-n-dodecylthiourea (3f). The precursor conversion rate 
changes due to different reaction temperatures (95, 110, 120, 130, 140, 150 °C). 
 
 In light of this result, we plotted the full width at half the maximum height (FWHM) of 
the lowest energy electronic transition of all of the PbS syntheses run with thioureas, without 






Fig 4.1.3 Full width at half the maximum height (FWHM) of the lowest energy 
electronic transition as a function of the energy of the lowest energy transition for 
all PbS syntheses conducted under the standard kinetics conditions, without 
regard for the temperature of the reaction (95 – 150 °C). The dotted line denotes 
the bulk bandgap of PbS. 
 
The results of the comparison are striking: all of the FWHM fall on a clear curve, which slopes 
up and away from the bulk bandgap of PbS. Based on this result it appears that the size of the 
nanocrystals, rather than the reaction temperature, is most strongly correlated with the linewidth 




nanocrystal, which would likely be dependent on the size of the nanocrystal. If this were the 
case, it could explain the invariance of FWHM on temperature: the observed linewidth could be 
dominated by the natural linewidth assuming the samples are all exceptionally monodisperse. 
4.1.3 Role of Temperature in Nanocrystal Reactions II 
 Another way of analyzing the data shown in Fig. 4.1.1 is by temperature, rather than by 
precursor. This provides a perspective on how temperature affects the reactions, without concern 
for what the precursor is. Figure 4.1.4 shows the nanocrystal concentration and diameter as a 
function of rate for a variety of di-substituted thiourea precursors, at temperatures of 100, 110, 
120, and 150 °C.  
 
Fig. 4.1.4 PbS nanocrystal concentration and diameter as a function of rate for a 
variety of di-substituted thiourea precursors, shown at temperatures of 100, 110, 





This figure clearly shows that the temperature affects the number and size of the resulting 
nanocrystals at any given precursor conversion rate. At lower temperatures there is a much 
steeper dependence, meaning that small changes to the conversion rate have a dramatic effect on 
the number/size of the nanocrystals. At higher temperatures the relationship is much less 
pronounced, and much larger changes to the conversion rate are required to see a change in the 
number/size of the nanocrystals. From equation 4.1.1 it becomes clear that the slope of this plot 
is inversely related to the growth rate as 
 !"#$% = !!!  
4.1.2 
Just as we would expect, as the temperature increases so does the growth rate, which results in a 
shallower line.  
 Based on Sugimoto’s theory, however, the number of nanocrystals should be linearly 
related to the precursor conversion rate, whereas we clearly observe a sublinear dependence in 
Fig. 4.1.4. This means that at faster precursor conversion rates, there are fewer nanocrystals than 
expected at the end of the reaction. The explanations for this discrepancy can be split into two 
general categories: either fewer nuclei than expected are being formed for fast conversion rates, 
or the predicted number are forming but they are somehow disappearing by the end of the 
reaction. Either way, more experimental work is required to explain this result in order to modify 
the model of nucleation accordingly. 
Our hypothesis for the former option is that nucleation may not be as critically dependent 
on concentration as assumed by the theory. Instead of nucleation turning on at the critical 
concentration and producing nuclei such that the critical concentration is never exceeded, it is 




concentration.  Fig. 4.1.5 provides a cartoon example of what this might look like, with the faster 
reaction reaching a greater maximum concentration during the nucleation process. In order to 
provide evidence for this, however, one would have to measure the concentration of solute at 
nucleation, which has not been done before but is discussed later in this chapter.  
 
Fig. 4.1.5 Cartoon representation showing the concentration of solute as a 
function of time for three different precursor conversion rates, displaying the 
proposed sub-critical dependence of nucleation. 
 
 The second category of explanation is that the expected number of nanocrystals is 
forming, but they are somehow disappearing by the time the nanocrystal concentration is 
measured. Because the nanocrystal samples from these fast reactions are still highly 
monodisperse, we do not believe that this can be explained through Ostwald ripening or other 
processes that occur throughout the reaction and increase the polydispersity of the sample. 
Instead, it is possible that an aggregation process occurs during or close to nucleation, such that 
the associated volume change is small and a monodisperse sample could be obtained. It is 




both smaller particles with greater surface energy and a higher concentration of nuclei would 
increase the likelihood of inter-crystal interactions. In order to verify this explanation the number 
of nanocrystals during the early stages of the reaction would need to be monitored carefully, 
which is a feasible but challenging undertaking. 
4.1.3 Thermodynamics of Nanocrystal Nucleation and Growth 
 Given all of the temperature-dependent data gathered for the previous sections, there is 
clearly an opportunity to quantify some of the observed trends. The easiest of which is the 
temperature dependence of the precursor conversion reaction, using the reaction between N-p-
methoxy-phenyl-N’-n-dodecylthiourea (3f) and lead oleate as a model system (shown in blue in 
Fig. 4.1.1). The kinetics of the reaction were monitored by following the in situ absorbance at 
400 nm at 95, 110, 120, 130, 140, and 150 °C.  By fitting the absorbance data to a single 
exponential, a first order rate constant can be extracted (see chapter three). This data can be used 
to produce an Arrhenius plot by graphing the natural logs of the rate constants versus the inverse 
of the temperatures (Fig. 4.1.6). As expected, this results a linear relationship, the slope of which 
can be used to calculate activation energy (Ea) of 98 kJ mol-1, which is a reasonable value for an 








Fig. 4.1.6 Arrhenius plot of the precursor conversion reaction between N-p-
methoxy-phenyl-N’-n-dodecylthiourea (3f) and lead oleate at 95, 110, 120, 130, 
140, and 150 °C.  
 
Similarly, an Eyring plot can be produced by plotting the natural logs of the rate constant divided 
by the temperature versus inverse of the temperature. From the slope we can calculate Δ!‡ = 
22.8 kcal mol-1 and from the intercept Δ!‡ = -11.4 e.u, which are both reasonable, intermediate 
values for Δ!‡ and Δ!‡. For both the Arrhenius and Eyring plots, 55 °C is not as wide of a 
temperature range as one would like, nor is the data as linear as one would hope, meaning these 
values can only be used as estimates until more data is obtained. However, these thermodynamic 
parameters allow some insight into how the precursor reaction changes with temperature.  
 While knowledge regarding the precursor conversion reaction is useful, it becomes much 




growth reaction, the more linear (slower) portion of the nanocrystal number versus observed rate 
was fit, as shown in Fig. 4.1.7.  
 
Fig 4.1.7 Linear fits to the slower portion of the nanocrystal concentration versus 
observed rates relationship, at T = 100, 110, 120, and 150 °C. 
 
Due to the previously mentioned curvature to this data, using a linear fit is challenging and likely 
introduced significant error, but it provides proof of principle.5 Once the cause of the curvature is 
better understood, a better method to model the data will likely be possible. Based on the 
equation  
 !"#$% = !!!  
4.1.3 
the inverse of the slope was used as a relative measure of the growth rate. Just as before, an 




versus the inverse of the temperatures (Fig. 4.1.8). Almost surprisingly, this results in a nearly 
linear relationship, albeit with significant scatter. With four data points and a range of 50 °C, 
along with the scatter in the data, this relationship is weak at best, however we will use it as 
proof of principle. We can use this relationship to calculate activation energy (Ea) of 56 kJ mol-1. 
 
 
Fig 4.1.8 Arrhenius plot of the growth rate at T = 100, 110, 120, and 150 °C. The 
growth rates are extracted from the slopes of the nanocrystal number versus 
observed rate plot, Fig. 4.1.7. 
 
The Arrhenius equation can be substituted into equation 4.1.1 for the precursor 
























However, when the equation is solved with activation energies calculated for the precursor 
conversion and growth reactions, it predicts an increase of in the concentration of nanocrystals 
by a factor of five with an increase of 50 °C, which clearly contradicts the nearly constant 
concentration of nanocrystals over 50 °C observed in Fig. 4.1.1. This deviation from experiment 
is unsurprising, and could come about for a variety of reasons: equation 4.1.1 itself does not 
match experiment due to the curvature of the number versus rate plots, the corresponding poor 
linear fit to this data to extract growth rates, or the weak Arrhenius relationship shown in Fig. 
4.1.8. However, this exercise lays the groundwork for the development of a theory to predict 
nanocrystal concentration as a function of temperature using precursor libraries to extract growth 
rates. 
 The Eyring plot established with the extracted growth rate data can be used to calculate a 
Δ!‡ = 13 kcal mol-1 and a Δ!‡ = -38 e.u. This is a fairly negative entropy term, which is 
expected given the implied associative mechanism during the nanocrystal growth process. 
4.1.4 Comparison of Growth Rates of Lead Sulfide and Lead Selenide 
 The last comparison of growth rates undertaken was between materials. A library of 
selenourea precursors was developed by M. Campos analogously to the thiourea library, but 
starting from isocyanides and elemental selenium because isoselenocyanates are not 
commercially available (the details of which are beyond the scope of this work).6 Following a 
similar procedure to that used to monitor PbS kinetics, the rate of PbSe formation at 120 °C was 
monitored in situ by following the absorbance at 450 nm (see experimental). The concentrations 
and reaction conditions were all held constant between the PbS and PbSe experiments to enable a 
direct comparison. The results of the PbSe kinetics experiments are plotted alongside the 





Fig 4.1.9 Nanocrystal concentration versus observed rate for PbSe (red) and PbS 
(blue). The deviating slopes indicate differences in growth rates between PbSe 
and PbS. 
 
From this data it is clear that the two materials have different dependences on rate, with the PbSe 
being more sensitive to changes in rate. Again, as suggested by equation 4.1.3, the slope of this 
relationship is inversely related to the growth rate, which implies that PbS has a faster growth 
rate than PbSe.  
 
4.2 Time to Nucleation 
4.2.1 Observation of Incubation Period (Phase I) 
 Another avenue of study enabling new insights into nanocrystal syntheses is the time it 




critical concentration is reached. In the kinetics data discussed previously, there is an apparent 
incubation time between the injection of the thiourea precursor (t = 0) and the initial observation 
of PbS nanocrystals, which occurs as soon as nucleation commences (Fig 4.2.1).  
 
 
Fig. 4.2.1 Kinetics traces showing the incubation time of various N-p-X-phenyl-
N’-n-dodecylthioureas reacting with lead oleate under standard kinetics 
conditions. In this plot, t = 0 is the initial thiourea injection.  
 
We believe this incubation time, or time to nucleation, is related to the buildup of solute 
concentration prior to reaching the critical concentration. In the LaMer model discussed in the 
introduction and shown in Fig. 4.2.2, this corresponds to Phase I, in which there are no nuclei 






Fig. 4.2.2 Cartoon LaMer diagram showing the three proposed phases of 
nanocrystal syntheses 
 
While the structure of the solute is unknown, it is assumed to be made of only a few PbS units at 
most (and potentially only one), and is thus not expected to have semiconductor-like absorbance. 
For this reason we do not expect to be able to observe it using the in situ UV-Vis absorbance that 
we use to monitor the rate of post-nucleation PbS formation. Therefore, we believe we are only 
seeing part of the reaction: prior to nucleation, the precursor conversion to solute is invisible to 
our measurement, but once nucleation occurs and nuclei with semiconductor-like absorbance 
exist, we see the addition of any PbS to the nanocrystals. A representation of this can be seen in 
Fig. 4.2.3, which shows an actual kinetics trace for N-p-trifluoromethyl-phenyl-N’-n-
dodecylthiourea reacting with lead oleate in the solid red line, and the hypothesized pre-





Fig 4.2.3 Hypothesized kinetic trace showing the undetectable solute formation 
prior to nucleation (<0%), followed by the observed kinetic trace for N-p-
trifluoromethyl-phenyl-N’-n-dodecylthiourea reacting with lead oleate under 
standard kinetics conditions (>0%). 
 
Using the extracted first order rate constant from the observed kinetic trace, along with the length 
of time prior to reaching the critical concentration and nucleation commencing, we can estimate 
the concentration of PbS in solution at the critical concentration. For the data shown in Fig. 
4.2.1, this calculation results in estimated critical PbS concentration between 0.5 and 1.1 mM 
under these conditions, however there is significant scatter in the data (± 25%). Dividing the 
concentration of PbS at the critical concentration by the number of nanocrystals at the end of the 
reaction provides an upper limit to the number of PbS units per nucleus, assuming the number of 




upper limit of 60-180 PbS units per nucleus, which we expect to be a significant overestimate 
(and thus safe upper limit) of the nuclei size. While these experiments would clearly need to be 
repeated to obtain more reliable data, this provides proof of principle for a rather simple measure 
of critical concentration, which adds deep insight into the nanocrystal synthesis. For example, the 
sub-critical dependence of nucleation on solute concentration, proposed above as an explanation 
for the nonlinear relationship of nanocrystal number on rate, could be studied in this way.  
 It is interesting to note that the PbSe kinetics traces do not show a measurable delay time 
(<1 sec), even under relatively slow precursor conversion conditions in which a long delay 
would be expected. This could be because the PbSe solute absorbs at the wavelength being 
monitored (450 nm), or, more likely, PbSe and PbS have different solubilities and a much lower 
critical concentration of PbSe is required to induce nucleation compared with PbS.  
 There are, however, significant complications involved in the use of pre-nucleation 
delays to extract information. The first is the importance of measuring a homogenous reaction 
mixture. Depending on the reaction scale, solvent, and stirring capability, it may take anywhere 
from a few seconds to many seconds before the reaction is sufficiently mixed. Thus, in order to 
reasonably extract data from the incubation period the delay must be significantly longer than the 
mixing time. In the example shown above, delay times range from ~5 seconds, which is likely 
pushing into the mixing-limited regime, to ~20 seconds, which we expect to be at least 
somewhat beyond the mixing time. By choosing the reaction carefully the delay time can be 
increased; selecting slower precursors, running the reaction at lower temperature, and using a 
lower concentration all result in longer delays that are less prone to mixing concerns. Another, 
more insidious, potential issue is that the early mechanistic steps of the precursor conversion 




equilibrium between the precursors and an intermediate, the use of the observed first order rate 
constant for PbS formation may not be applicable for the early rate of solute formation. Further 
work into understanding the mechanism of the reaction between precursors will be required to 
dispel this concern.  
 
4.3 Effects of Viscosity on Nucleation and Growth 
 One of the commonly  invoked mechanisms for nanocrystal growth is diffusion-limited 
growth, in which the growth reaction is limited by the local concentration of solute near the 
nanocrystals, and thus diffusion of solute to the nanocrystal surface dictates the rate of growth. In 
order to demonstrate the importance of diffusion, however, groups have turned to comparing 
precursor molecules (e.g. metal carboxylate chain length) to adjust the diffusivity of the solute.7 
As described in chapter three, the reaction between substituted thioureas and isolate lead oleate 
allows for a range of solvents to be used; we previously highlighted the value of matching the 
boiling point of the solvent to the reaction temperature, which in some cases allows distillation of 
the solvent enabling easier nanocrystal isolation. This same flexibility in reaction solvent also 
allows studies to be completed in a range of solvents, thus facilitating a novel study of the effects 
of solvent viscosity on nanocrystal synthesis. 
 By running the PbS synthesis described previously in alkane solvents ranging from C8 to 
C20 (octane, decane, dodecane, tetradecane, hexadecane, octadecane, and eicosane), the viscosity 
of the solvent can be varied from 0.24 to 1.41 N m sec-2 at the reaction temperature of 100 °C.8 




 ! = !!!6!"# 
4.15 
where D is the diffusion constant, kB is Boltzmann’s constant, T is the absolute temperature, ! is 
the solvent viscosity, and r is the radius. Thus, we are able to adjust cleanly adjust the diffusion 
of the system and observe the effects on the nanocrystal synthesis.  
 As a proof of principle, we reacted N-phenyl-N’-n-dodecylthiourea reacting with lead 
oleate at 100 °C in the full series of solvents mentioned above and monitored the size and 
concentration of PbS throughout the reaction by removing and analyzing aliquots. Fig. 4.3.1 
shows the observed reaction rates as a function of solvent viscosity. The data is fairly scattered, 
likely due to the worse kinetics fits resulting from the use of aliquots rather than an in situ 
measurement, and does not show a significant trend based on viscosity (perhaps a slightly 





Fig. 4.3.1 Observed rate as a function of solvent viscosity for N-phenyl-N’-n-
dodecylthiourea reacting with lead oleate at 100 °C. 
 
However, the final concentration and size of nanocrystals as a function of viscosity, shown in 
Fig. 4.3.2, clearly shows that increasing viscosity results in fewer, larger nanocrystals. This is 
somewhat counterintuitive, because in a diffusion-limited growth model, slowing the diffusion of 
the solute by increasing the solvent viscosity should result in more, smaller nanocrystals for the 
same reasons as discussed previously.  
 
Fig. 4.3.2 Nanocrystal concentration and size as a function of solvent viscosity for 
N-phenyl-N’-n-dodecylthiourea reacting with lead oleate at 100 °C. 
 
While this data appears to argue against diffusion-limited growth in these systems, more work is 




reaction needs to be better established; the observed trend could potentially be explained if 
viscosity significantly influences the rate of precursor conversion. Nucleation is a balance 
between solute production and consumption, so the effects of changes to the reaction conditions 
need to be understood for both. However, if growth is diffusion limited the changes in viscosity 
should have a much more substantial impact on the growth rate than on the precursor conversion 




 The previous chapter highlighted the advantages of precursor libraries for controlling 
nanocrystal syntheses: rational control over nanocrystal number and size at full conversion, 
flexibility in material class and solvent, and as a new approach for controlling the anisotropy of 
nanostructures. This chapter, instead, focused on the use of precursor libraries as a tool to study 
nanocrystal syntheses. Precursor libraries allow for independent control over the precursor 
conversion rate and reaction conditions, thereby enabling a new series of studies that look at the 
effects of these independent changes to the nanocrystal reaction. While all of the studies 
discussed are only in their infancy, together they demonstrate the grand potential that precursor 
libraries have in helping to unlock the complexities of nanocrystal synthesis. 
 By studying the temperature dependence of PbS formation on individual precursors, we 
demonstrated a relative invariance of nanocrystal number and size on temperate, which we 
rationalize through similar increases in the precursor conversion and growth rates that balance 
one another. Surprisingly, even though both the precursor conversion and growth rates increase 




is observed. When we look at the effect of temperature on a variety of precursors, however, we 
see a distinct trend: nanocrystal number and size are much more sensitive to precursor 
conversion rate at lower temperatures. Unlike the predicted linear relationship between precursor 
conversion rate and nanocrystal number and size, the relationship is clearly nonlinear. We 
propose two classes hypotheses to explain this, one focused on a sub-critical nucleation 
dependence on solute concentration, and the other on an aggregation process. This data was also 
used to extract thermodynamic parameters from both the precursor conversion and growth 
processes, however more data and perhaps improved models are needed before this method will 
be useful for predicting the outcomes of nanocrystal syntheses.  
 We also highlighted the observed delay prior to nucleation in the kinetics data, which we 
believe is the buildup of solute concentration prior to reaching the critical concentration and 
nucleation starting (phase I of the LaMer model). While there are various complications to take 
into account, this data can be used to estimate to critical solute concentration, which will provide 
insight into the reaction and potentially answer questions like how critical the nucleation 
dependence on solute concentration is. 
 Finally, we demonstrated the ability to control the viscosity of the reaction system by 
utilizing a range of alkanes as solvents. While the precursor conversion rate data as a function of 
viscosity was scattered, the resulting nanocrystal number and size dependence on viscosity 
showed a clear and reproducible trend. Surprisingly, the number of nanocrystals decreased with 
increasing viscosity, which is the opposite that one would expect for a diffusion-limited growth 
system. Although this is evidence against the diffusion-limited growth model, more work is 
needed to fully establish and understand this result. Nonetheless, this study demonstrates the 




4.4.2 Layman’s Summary 
The ability to control nanocrystal reactions through the use of a precursor library not only 
enables unprecedented predictive control over the nanocrystal products, as discussed in the 
previous chapter, but also opens up new avenues for studying nanocrystal reactions. For the first 
time the rate of the precursor reaction can be tuned independently from the reaction conditions, 
thus facilitating experiments that determine how individual reaction conditions influence the 
nanocrystals. The reaction condition that we decided to study was temperature; previously there 
had been examples of increasing temperature leading to either smaller or larger nanocrystals, 
depending on the reaction. This occurs because temperature affects multiple rates that are 
important to the reaction, and the competition between the rates determines the effect on the 
nanocrystals.  
We ran a variety of precursors at various temperatures, and it is clear that the precursor 
conversion rate is more important at low temperature than at higher temperature. We also noticed 
that the rate-number relationship is not linear, as theory predicts, but at faster rates the number of 
nanocrystals is unexpectedly low. We hypothesize that this occurs either because there are fewer 
nanocrystals created at faster rates (because the crystal ‘production’ rate cannot keep up), or 
because the nanocrystals combine with each other early in the reaction to reduce the number. 
Chemists have developed ways to quantify the role of temperature on reaction rates, and 
we demonstrated that we can use these techniques to predict the affect of temperature change on 
both of the important reaction rates (precursor conversion and growth). By combining the 
predictions we showed how one could predict the affect of temperature on nanocrystal size; 
unfortunately our limited dataset resulted in predictions that do not always match experiment, but 




 In another set of experiments we show that there is an incubation time before we observe 
any products from the reaction, which corresponds with our theory of how these reactions work. 
This incubation time is only observable because the reactions are slow, controlled, and 
reproducible. By measuring the incubation time we can gain insight into aspects of these 
reactions that have never been studied before, such as the concentration limit for the reaction or 
the size of the smallest stable nanocrystal.  
 Finally, we study what happens when the reactions are run in a variety of solvents that 
have different viscosities. This data showed that fewer nanocrystals were produced in the more 
viscous oil, which is unexpected for a reaction that is limited by how fast molecules can travel 
(or diffuse) through the fluid. This may suggest that instead of a diffusion-limited reaction, as is 


















 If there is one takeaway from this work, it is that nanocrystal syntheses are incredibly 
complicated, and yet they are becoming a tractable challenge. For the majority of their existence 
semiconductor nanocrystals have been produced empirically, making fine control over their 
synthesis near impossible. This is unfortunate, because the real power of these materials is the 
exquisite influence that their structure has over their photophysical properties. Over the last five 
to ten years a collection of work has been developed that provides the first significant insights 
into the mechanisms involved and importance of rates to these syntheses.9-12 These previous 
efforts provided the foundation for the studies described herein. 
 The phosphine-based precursors described in chapter two provided an excellent platform 
for learning about nanocrystal synthesis. Even if the reactions themselves will never see 
widespread use, the work provided insights into the reactions of secondary phosphine 
chalcogenides. Furthermore, without the lessons from this study, especially the deep 
considerations about precursor kinetics brought about by the unique size invariance result, we 
would not have been in a position to take advantage of the thiourea library when it presented 
itself.  
 The library of substituted thioureas, described in chapter three, presents a new way of 
influencing nanocrystal syntheses. Most importantly, there is a rationale founded in the theory 
that allows for predictable control over the nanocrystal properties. Precursor libraries also 
present new ways of controlling syntheses, for example the ability to control nanorod aspect ratio 
described in chapter three. When the thiourea library is used in conjunction with the selenourea 




structure of CdSe/CdS heterostructures, which are the materials most commonly used in 
displays. I expect that these only represent the beginning of a new generation of library-based 
syntheses that exert better control and reproducibility over a wide range of nanostructures. 
 In addition, the work described in this chapter demonstrates the utility of precursor 
libraries in the study of nanocrystal syntheses. These insights into the mechanisms that occur will 
lead to further improvements to the precursor libraries and synthetic methods, as well as 
improved theories describing the processes that underlie the syntheses.  
It is unclear what the future holds for semiconducting nanocrystals: they may end up in 
every display through which we interact with the world and in every light bulb that we live 
under, or they may become a bygone technological hype. It is also quite possible that their 
development for these applications fails, but a new use arises that nobody has yet considered. No 
matter where nanocrystals end up, however, the lessons about nucleation and growth described 
herein are likely general to crystalline materials and may be useful for other materials or fields of 
study. And perhaps most importantly, semiconducting nanocrystals provided an exciting, fun, 













4.6.1 PbS Kinetics Experiments 
In a nitrogen-filled glovebox, lead oleate (0.166 g, 0.216 mmol) and hexadecane (19 mL), are 
added to a three neck round bottom flask equipped with a stir bar and the flask sealed with two 
rubber septa and an air-free vacuum adapter. The vessel is attached to a Schlenk line via an argon 
inlet and one of the septa replaced with a homemade air-free adapter for an in situ optical 
absorption dip-probe. The flask is covered in foil to eliminate ambient light and immersed in a 
silicon oil bath of the desired temperate. A stock solution of the desired thiourea (0.216 mmol) in 
diphenyl ether (1.25 g, 1.2 mL) is prepared in a 2 mL scintillation vial. After allowing the flask 
to reach thermal equilibrium with the oil bath (10 minutes), the vial containing the thiourea stock 
solution is immersed in the oil bath for 30 seconds. Continuous recording of the absorbance at 
400 nm is initiated and the thiourea stock solution (1 mL, 0.18 mmol thiourea) quickly injected 
into the flask with vigorous stirring. This results in 20 mL of total solution, and an initial lead 
oleate concentration of 10.8 mM and thiourea concentration of 9 mM. The reaction is run until 
the absorbance stops increasing, at which time a 250 uL aliquot was removed to measure the full 
UV-Vis-NIR spectrum. The UV-Vis-NIR aliquot was dissolved in tetrachloroethylene (2.25 
mL). The kinetics data was corrected by setting t = 0 as the initial appearance of absorbance at 
400 nm. The baseline was also zeroed at λ = 400 nm prior to injection. The data were fit to single 
exponential functions, allowing first-order rate constants to be extracted.  
4.6.2 PbSe Kinetics Experiments 
In a nitrogen-filled glovebox, lead oleate (0.166 g, 0.216 mmol) and hexadecane (19 mL), are 
added to a three neck round bottom flask equipped with a stir bar and the flask sealed with three 




septum and one of the septa replaced with a homemade air-free adapter for an in situ optical 
absorption dip-probe. The flask is covered in foil to eliminate ambient light and immersed in a 
silicon oil bath of the desired temperate. A stock solution of the desired selenourea (0.216 mmol) 
in diphenyl ether (1.25 g, 1.2 mL) is prepared in a 2 mL scintillation vial. After allowing the 
flask to reach thermal equilibrium with the oil bath (10 minutes), the vial containing the 
selenourea stock solution is immersed in the oil bath for ~3 minutes. Continuous recording of the 
absorbance at 450 nm is initiated and the selenourea stock solution (1 mL, 0.18 mmol 
selenourea) quickly injected into the flask with vigorous stirring. This results in 20 mL of total 
solution, and an initial lead oleate concentration of 10.8 mM and selenourea concentration of 9 
mM. The reaction is run until the absorbance stops increasing, at which time a 100 uL aliquot 
was removed to measure the full UV-Vis-NIR spectrum. The UV-Vis-NIR aliquot was dissolved 
in tetrachloroethylene (2.4 mL). The kinetics data was corrected by setting t = 0 as the initial 
appearance of absorbance at 450 nm. The baseline was also zeroed at λ = 450 nm prior to 
injection. The data were fit to single exponential functions, allowing first-order rate constants to 
be extracted.  
4.6.3 Viscosity Experiments 
 Experiments were carried out using the workstation for automated nanomaterial design 
and analysis at the Molecular Foundry, Lawrence Berkeley National Laboratory. All 
manipulations and reactions were carried out in a nitrogen-filled glovebox. Reactions were 
prepared by adding 9.5 mL (calculated using the density at room temperature) of the desired 
alkane solvent and 0.24 mmol (184.8 mg, 1.2 eq.) of lead oleate to a 40 mL reaction vial. Two 
rare-earth magnetic stir bars were added to each vial. Separately, a stock solution of N-(4-




(701 mg) in 5 mL (5.365 g) diphenyl ether in a 12 mL vial fitted with a stir bar. The robot then 
heated both vials to the reaction temperature of 100 °C before removing a 0.5 mL sample from 
the thiourea stock solution and injecting it into the lead oleate containing reaction vessel. After 
automatically washing its syringe, the robot removed aliquots over the course of 84 minutes that 
were diluted with tetrachloroethylene for UV-Vis and UV-Vis-NIR absorbance spectroscopy 
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Derivations of Equations 1.1.6-1.1.9 
 
To obtain equation 1.1.6, we start with equation (1) from Moreels et al.1 
 
 !! = 0.41+
1
0.0252!! + 0.283! 
A.1 
In this equation, !! is the band gap, or position of the lowest energy electronic transition, 
in eV, and ! is the diameter of the nanocrystals, in nm. First, we convert the position of 
the lowest energy electronic transition from eV to nm using  




where!! is energy (in eV), ℎ is Planck’s constant, c is the speed of light, and  ! is 




0.0252!! + 0.283! 
A.3 
Now we rearrange and simplify this  
 
 1239.8
! − 0.41 =
1
0.0252!! + 0.283! 
A.4 
 








 ∴ 0.0252!! + 0.283! − !!"1239.8− 0.41!!"
= 0 A.7 
 221 
 
This is now in a form that can be applied to the quadratic formula, where we find 
 









∴ ! = !
−0.283± 0.283! − 4 ∗ 0.0252 ∗ !!!"#$.!!!.!"!
2 ∗ 0.0252  
A.10 













which is equation 1.1.6. 
Equation 1.1.7 is copied directly from page 2857 of Yu et al.2 To derive equation 
1.1.8, we start with the Beer-Lambert law,  
 ! = ! ∗ ! ∗ ! A.13 
where !  is the absorbance of a sample (in absorbance units, a.u.), !  is the molar 
absorbtivity of the material (in L mol-1 cm-1), ! is the concentration of the sample (in mol 
L-1 or M), and ! is the path length of the measurement (in cm). We will rewrite this as 
 !!""!!" = !!""!!" ∗ !!" ∗ ! A.14 
 222 
with !!""!!" denoting the absorbance at 400 nm, !!""!!" denoting the molar absorbtivity 
at 400 nm, and !!"  denoting the concentration of nanocrystals, because that is the 





Now we use equation (4) from Moreels et al. for !!""!!" 
 
 !!""!!" = 0.0233!! A.16 




0.0233!! ∗ ! 
A.17 
Now, to convert from the concentration of nanocrystals, as it is expressed in the paper, to 
concentration of PbS, as desired, we multiply by the number of PbS units per nanocrystal 




To calculate the number of PbS units per nanocrystal, we can start by calculating the 
number of atoms per nanocrystal, !, using equation (2) from Moreels et al.1 
 









where ! is again the diameter of the nanocrystals (in nm) and ! is the lattice constant of 
PbS (rocksalt structure), which is equal 5.936 Å or 0.5936 nm according to Moreels et 
al.1 Thus, we have 
 

















































To convert the concentration from µM to mM, we multiply by 1000 which results in 
equation 1.1.8 




To derive equation 1.1.9, we again start with the Beer-Lambert law,  
 ! = ! ∗ ! ∗ ! A.26 
and again rewrite it  
 !! = !! ∗ !!" ∗ ! A.27 
But this time !! denotes the absorbance at the lowest energy electronic transition, !! 
denotes the molar absorbtivity at the lowest energy electronic transition, and again !!"  






Now we use equation (7) from Yu et al.2  
 !! = 21536!!.! A.29 
And substitute this into equation A.28 to obtain 
 !!" =
!!
21536!!.! ∗ ! 
A.30 
Again, in order to convert from the concentration of nanocrystals, as it is expressed in the 
paper, to concentration of CdS, as desired, we multiply by the number of CdS units per 
nanocrystal 




Yu et al. does not calculate the number of atoms per nanocrystal, so we must calculate the 
number of CdS units per nanocrystal ourselves using Avogadro’s number, the molecular 
weight of CdS (144.47 g mol-1), the density of CdS (4.826 g cm-3), a conversion from cm3 





















































To convert the concentration from M to mM we multiply by 1000 to obtain equation 
1.1.9 
 































compound  [Bu3NH]+[S2PPh2]- 
lattice  Monoclinic 
formula  S2PNC24H38 
formula weight  435.64 
space group  P2(1)/c 
a / Å  18.9733(11) 
b / Å  8.8411(5) 
c / Å  16.6962(10) 
α / Å  90 
β / Å  115.2740(10) 
γ / Å  90 
V / Å3  2532.6(3) 
Z  4 
temperature (K)  130(2) 
radiation (λ, Å)  0.71073 
ρ (calcd.) g cm-3  1.143 
µ (Mo Kα), mm-1  0.283 
Θ max, deg.  30.64 
no. of data collected  39971 
no. of data  7801 
no. of parameters  260 
R1 [I>2σ(I)]  0.0331 
ωR2 [I>2σ(I)]  0.0816 
R1 [all data]  0.0454 
ωR2 [all data]  0.0887 





compound Cd(S2PPh2)2(TMEDA)  
lattice Monoclinic  
formula CdS4P2N2C31H36Cl2  
formula weight 810.10  
space group P2/c  
a / Å 12.4037(13)  
b / Å 8.3674(9)  
c / Å 17.3574(18)  
α / Å 90  
β / Å 102.905(2)  
γ / Å 90  
V / Å3 1756.0(3)  
Z 2  
temperature (K) 150(2)  
radiation (λ, Å) 0.71073  
ρ (calcd.) g cm-3 1.532  
µ (Mo Kα), mm-1  1.128  
Θ max, deg. 30.71  
no. of data collected 27271  
no. of data 5446  
no. of parameters 194  
R1 [I>2σ(I)] 0.0368  
ωR2 [I>2σ(I)] 0.0785  
R1 [all data] 0.0580  
ωR2 [all data] 0.0859  







compound Cd(Se2PPh2)2(TMEDA)  
lattice Monoclinic  
formula CdSe4P2N2C31H36Cl2  
formula weight 999.71  
space group P2/c  
a / Å 12.728(2)  
b / Å 8.4216(15)  
c / Å 17.448(3)  
α / Å 90  
β / Å 103.471(3)  
γ / Å 90  
V / Å3 1818.9(6)  
Z 2  
temperature (K) 170(2)  
radiation (λ, Å) 0.71073  
ρ (calcd.) g cm-3 1.825  
µ (Mo Kα), mm-1  4.862  
Θ max, deg. 30.74  
no. of data collected 28807  
no. of data 5639  
no. of parameters 193  
R1 [I>2σ(I)] 0.0284  
ωR2 [I>2σ(I)] 0.0587  
R1 [all data] 0.0470  
ωR2 [all data] 0.0646  








1H NMR of the soluble byproducts after the ligands are cleaved from isolated CdS 
nanocrystals using trimethylsilyl chloride (TMS-Cl), leading to insoluble nanocrystals 
and trimethylsilyl esters of the ligands. The spectrum of the ester formed (blue) exactly 
matches that of cadmium tetradecanoate mixed with TMS-Cl (red) and does not 
correspond with Cd(O2PPh2)2 mixed with TMS-Cl (green). Based on the exclusive 
formation of trimethylsilyltetradecanoate it is clear that the isolated nanocrystals are 








































13C and 31P (lower inset) NMR of the soluble byproducts after the ligands are cleaved 
from isolated CdS nanocrystals using trimethylsilyl chloride (TMS-Cl), leading to 
insoluble nanocrystals and trimethylsilyl esters of the ligands. The spectrum of the ester 
formed (blue) exactly matches that of cadmium tetradecanoate mixed with TMS-Cl (red) 
and does not correspond with Cd(O2PPh2)2 mixed with TMS-Cl (green). Based on the 
exclusive formation of trimethylsilyltetradecanoate it is clear that the isolated 








































UV-Vis-NIR absorbance spectra of PbS nanocrystals not shown in the main text; all 
reactions were run as described in the synthesis of PbS nanocrystals for absorbance and 
photoluminescence spectroscopies at the following temperatures: 3a: 120 °C; 5: 150 °C; 
3e: 120 °C; 7: 150 °C. The spectrum of nanocrystals synthesized with precursor 3a shows 
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